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SUMMARY 
This thesis describes an experimental investigation of flow around 
three-dimensional rectangular blocks in deep boundary layers. Particular 
attention is given to the behaviour of the separated shear layer over 
the top and this is determined initially on the basis of some preliminary 
measurements of pressures, reattachment length, etc. Methodology for 
the study involves the determination of complete patterns of shear stress 
on the top surface of the blocks selected to yield various modes of the 
behaviour of shear layer. The instrument developed within this project 
for this purpose is the pulsed-wall probe which operates on the basis 
of time-of-flight measurements. With it, the mean and fluctuating shear 
stress were unambiguously determined and the value of the former was 
checked by means of the use of surface fences. Measurements are also 
presented of surface pressures, velocity and turbulence behind the blocks 
and the probability density distributions of shear stress and velocity. 
Results are generally consistent in themselves and the discussion of 
them, related throughout to the observations of previous workers, should 
contribute substantially to the knowledge of these flows. 
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NOTATION 
A Constant 
A. R. Block aspect ratio (W/H) 
A. R. Fence aspect ratio (w/h) 
B Constant 
b Castellation height 
b Width of channel 
C Constant 
CDT Drag coefficient 
Drag 
U2 Hl 
Tý 
Cf Shear stress coefficient 
WU2 
n2pR FS No 
C Pressure coefficient - pp Bo 
Cpb Base pressure coefficient 
Cr Critical value 
Cx Longitudinal convection velocity 
T 
Cf Fluctuating shear stress coefficient 
fw 
1 ýý 2 
-ý 
? FJ "R 
Cp Fluctuating pressure coefficient 1ýpp 
L 
u2 20 
1 
d Zero plane displacement 
de External diameter of Preston-tube 
d. Internal diameter of Preston-tube 
E Wire voltage 
H Block height 
H Shape factor (6*/8) 
Hc Half the height of channel 
Hv Height of vorticity generators 
h Barrier height 
h Fence height 
h Distance of wires from surface 
K von Kärmän constant (0.41) 
K Thermal diffusivity 
L Streamwise dimension of block 
Lx Longitudinal turbulence length scale 
Distance between the pulsed wire and the sensor wire 
n Exponent in hot-wire calibration (0.45) 
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n Power-law exponent 
P Static Pressure 
Ps Surface static pressure 
Pr Free-stream static pressure at the position of vorticity 
generators 
Po local free-stream static pressure 
P( ) Probability density function of () 
p Turbulent fluctuation of static pressure 
Re Reynolds number 
RL Downstream reattachment distance 
s Width of pressure hole for surface fence 
T Total time of flight 
Tc Convection time 
Td Diffusion time 
U Streamwise velocity 
Uo Local free-stream velocity 
Ur Free-stream velocity at the position of vorticity generators 
UT Shear stress velocity 
U Centre-line velocity 
Uh Velocity at the height of wires 
UH Velocity at the height of block 
Uc Characteristic velocity (Eq. 4.12) 
Um Average velocity over fence height 
UT Mean shear stress velocity 
UT Fluctuating shear stress velocity 
u Longitudinal fluctuating velocity 
u2 Longitudinal turbulent intensity 
-üw Turbulent shear stress 
V Spanwise velocity 
v Spanwise fluctuating velocity 
v2 Spanwise turbulent intensity 
W Vertical velocity 
W Spanwise dimension of block 
w Vertical fluctuating velocity 
w Fence Width 
w Length of wires 
w2 Vertical turbulent intensity 
x Streamwise Cartesian coordinate 
X Distance from transition point to test point on flat plate 
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Xl Distance between barrier wall and vorticity generators 
Xr Reattachment distance on top face 
y Spanwise Cartesian coordinate 
z Vertical Cartesian coordinate 
z0 Roughness length 
a Angle of rotation of pulsed wall probe with y-axis 
A Pressure gradient parameter 
AP Pressure difference 
AU Velocity difference 'Wake component' 
Ae Change in angle of shear stress line 
S Boundary layer thickness 
S Diffusion distance 
S* Displacement thickness 
S' Thickness of linear sublayer 
o Momentum thickness 
0 Angle of mean shear stress vector with x-axis 
0 Temperature 
00 Temperature at x=0 
A Turbulence parameter 
ax Longitudinal wavelength 
ay Spanwise wavelength 
U Dynamic viscosity 
V Kinematic viscosity 
Vo Eddy viscosity 
P Density 
a Standard deviation ( TW` or  ü2 ) 
T Shear stress 
Tw Wall shear stress 
Tw Mean wall shear stress 
TIw Fluctuating wall shear stress 
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CHAPTER 1 
INTRODUCTION 
This thesis is a description of an experimental study of flow around 
single three-dimensional rectangular blocks mounted in a boundary layer on 
the wall of a wind-tunnel with the front face perpendicular to the wind 
direction; the blocks may be considered simplified versions of actual 
buildings in the natural wind. Study of flow around two-dimensional models 
is included, mainly to provide data for the limiting case and the literature 
review of the work includes this particular case in Section (2.3.1) 
because of its informative role in understanding the three-dimensional 
flow situations. 
In the review of the previous work in Section (2.3), various aspects 
of the flows are discussed briefly but particular attention is given to 
the work on the behaviour of the shear layer separated from the top leading 
edge. The characteristics of the flow over the top and behind a body are 
shown to be largely influenced by the presence or absence of shear layer 
reattachment on its top surface. The overall objective of the present 
investigation may be seen as the fuller understanding of the behaviour 
of the top vortex sheet and, hence, the complete flow pattern over the 
block, conceived as formed of modules in the manner described by Morkovin 
(1972). 
Since the results are intended to have reference tofu I 1-scale buildings, 
the boundary layer flow in the tunnel is required to be, as far as possible, 
a reasonable representation of an atmospheric boundary layer in which the 
building is immersed. Various techniques have been developed for this 
purpose and a review of them is presented in Section (2.2). For the 
present experiments, using the method developed originally by Counihan 
(1969), two boundary layers were developed in the wind-tunnel of the 
Civil Engineering Department. 
The characteristics of the 'rough' wall boundary layer, designated as 
'BLR', are described in Section (5.2.1); it is a simulation of a 'rough 
rural' or a 'smooth suburban' atmospheric boundary layer according to 
Counihan's classification (1975), and has a total thickness of 340 mm 
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approximately at the position where most of the measurements were made. 
The development of the 'smooth' wall boundary layer, designated as 'BLS' 
and described in Section (5.2.2), was mainly intended to establish 
different upstream flow conditions for comparison since the initial 
motivation was to investigate the dominant parameters controlling the 
shear layer behaviour. This boundary layer is, therefore, not a simulation 
of a particular atmospheric flow. The total boundary layer thickness for 
this case was about 275 mm. 
The matter under investigation being defined, therefore, and the 
boundary layers being developed, the requirements for the experiments on 
the models are established. The general arrangement of the wind tunnel 
and instrumentation is described in Chapter (3). 
Blocks of various proportions were used but the height of 64 mm was 
kept the same for all cases yielding the ratio of the body height/boundary 
layer thickness of 0.18 and 0.23 approximately, for the blocks in BLR and 
BLS respectively. The objective was mainly to characterise, for each 
model, the behaviour of the top shear layer and the corresponding pre- 
liminary work for this purpose is presented in Section (5.3). From the 
flow visualisation experiments described in Section (5.3.1), it was not 
possible to deduce much useful information, but measurements of the base 
pressures, on the other hand, were valuable in defining the critical 
dimensions to allow the reattachment to appear on top. Moreover, the 
reattachment regions on the tops were measured directly using a twin- 
tube probe and useful information was obtained in that way. 
In the light of the discussion of the results of the preliminary 
work, a programme for the detailed measurements of surface shear stress 
patterns on the tops of selected blocks was planned; this, it was felt, 
would yield details of flow close to the surface, of a type not previously 
obtained. At that stage, however, no ready-made instrument for the 
measurements was available. Consideration of the range of the existing 
shear stress measuring techniques, reviewed in Section (2.4), suggests 
a possible basis for instruments for the highly turbulent and reverse 
flows under investigation. A substantial part of the project is, there- 
fore, occupied by the description of the work on the production, develop- 
ment and calibration of suitable shear stress measuring instruments and 
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this is the content of the separate Chapter (4). 
The development of the 'pulsed-wall probe' made possible, thus, the 
shear stress measurements described in the subsequent Section (5.4.1). 
It is a modified form of the pulsed-wire anemometer developed by Bradbury 
and Castro (1971) and is analogous to the probe used by Eaton, Westphal 
and Johnston (1980) with a basically similar operational structure to that 
of the pulsed-film probe of Ginder (1971). It was hoped that the same 
calibration would apply in laminar and turbulent flows and the probe was, 
therefore, calibrated initially in a laminar channel flow. As is the case 
with several other sublayer instruments, the probe overpredicted the shear 
stress in the flat-plate turbulent flow. The reasons for the discrepancy 
have been briefly investigated and this could well be the basis for an 
extension of the present project. 
The use of surface fences and their calibration is also described 
in Chapter (4). The aim was mainly to afford a comparison which would 
serve to establish the value of the pulsed-wall probe on the tops of the 
blocks, the main object of study. Measurements on the top of a test 
model showed that the pulsed-wall probe had the potential of operating 
in the required flow situation and measuring the mean shear stress as 
well as the intensity of its fluctuating components, the surface fences 
validating the suitability of the probe for the mean shear stress measure- 
ments. 
The development work in Chapter (4) suggested some modifications 
to the pulsed-wall probe so that the modified probe, having a wider 
cosine-law yaw response in the laminar flow, could be expected to serve 
in obtaining the shear stress direction on the tops. 
With the pulsed-wall probe developed, then the appropriate models 
were selected for the detailed shear stress measurements. The selections 
were made on the basis of the results of the preliminary work so that 
the flow around the models would cover the various possible modes of 
behaviour of the top shear layer. The model with L/H =2 and W/H =9 
in BLR, designated as 'case 1', represented that with the shear layer 
reattachment on its top face. For the model with L/H =1 and W/H= 9 
in BLR ('case 2'), an intermittent reattachment was expected while the 
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model with the same dimensions but in BLS ('case 3') was taken as having 
a fully separated shear layer. 
The measurements of the detailed shear stresses on the models using 
the pulsed-wall probe together with the top surface pressures and also 
some velocity and turbulence behind the models, using a pulsed-wire anemo- 
meter, are presented in Section (5.4); the probability density distribu- 
tions of the fluctuating shear stress and velocity were also measured at 
a number of positions. In Chapter (6) the results of these measurements 
are discussed in detail with reference also to the measurements on the 
test model in Chapter (4) wherethey are thought to be useful. 
With the use of the pulsed-wall probe, in addition to the magnitudes, 
the directions of the local mean shear stresses in such complex flow 
conditions are unambiguously determined. This led to the construction 
of the detailed surface flow patterns; the position and the nature of the 
critical lines and the critical points have also been derived. Again, 
with the help of the experimental results, a mechanism for the flow 
behaviour near the leading edge has been suggested. 
The conclusions of the present investigation, together with recommen- 
dations for the future work are presented in Chapter (7). 
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CHAPTER 2 
PREVIOUS WORK 
2.1 Introduction 
The present investigation lies within the field of wind-tunnel 
studies of flow around building models. In natural winds the presence 
of the earth's surface causes the formation of a boundary layer in which 
the buildings are immersed; the nature of flow is very sensitive to the 
characteristics of this boundary layer. To satisfy the full-scale 
boundary conditions it is necessary then to simulate the atmospheric 
boundary layer in wind-tunnel tests. Hence, in the following section 
the previous work on atmospheric boundary layer and the available 
techniques for its simulation in wind-tunnels are summarised. 
A considerable amount of work has been undertaken on flow around 
obstacles of various shapes in various upstream flow conditions; the 
work of Chang (1970) provides a useful general knowledge on these flows. 
However, the present project is limited to one important class of shapes, 
namely three-dimensional rectangular models placed in deep turbulent 
boundary layers. 
In complex flow conditions, it is a common practice to study the 
simpler cases whose results resolve part of the difficulties in original 
flows. The use of two-dimensional models provides a convenient device 
in this respect and these were also investigated in the present work 
though less extensively. The literature review on the flow around both 
two and three-dimensional bodies is then presented in Section (2.3). 
As was stated in Chapter (1), at a certain stage of the project, 
it was realised that some particular measurements of surface shear 
stress would be useful. A considerable deal of effort was, therefore, 
made to develop suitable instruments for this purpose which occupied 
a substantial part of the present work. In Section (2.4), a review 
is also given of the methods available for shear stress measurements. 
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2.2 Simulation of Atmospheric Boundary Layer 
To help the understanding of the actual atmospheric air flows both 
full-scale and wind-tunnel experiments have to be undertaken. The full- 
scale measurements establish the characteristics of the natural wind and 
so serve to check the validity of corresponding data on small-scale 
models in simulated boundary layers in wind-tunnels. 
If the small-scale tests are to be fully realistic, all of the 
basic turbulent properties of atmospheric flows, as well as the mean 
velocity profile, should be considered for the simulation purpose, which 
requires a prior knowledge of the characteristics of the natural wind. 
An analytical review of atmospheric data in the period (1880-1972) has 
been published by Counihan (1975). In this paper a very general review 
of the previous work relating to the structure of the earth's boundary 
layer is presented. The review is concentrated on the detailed charac- 
teristics of the adiabatic earth's boundary layer flow over moderatly 
rough (rural) and very rough (urban) terrains and includes a summary of 
known flow properties for these two cases. The work is not concerned 
greatly with smooth terrains because in strong winds, that is when the 
mean velocity at the height of 10 m from the surface is greater than 
5-7 m/s, the earth's surface in most areas may be taken as aerodynamically 
rough, i. e. having relatively large roughness length (Z0 > 0.01 m). 
Again under the condition of a strong wind the atmospheric boundary 
layer can be considered as adiabatic or nearly adiabatic and the effects 
of thermal stratifications may be ignored (neutral atmospheric flow). 
Under these circumstances it has been found by comparison with the 
available full-scale data that the atmospheric wind over the earth's 
surface is, in many respects, similar to the flow in a turbulent boundary 
layer on a rough flat-plate. Such a plate, therefore, could serve as 
a model for the earth's surface. (It should be noted that in the natural 
wind the direction of the mean flow usually varies with height but no 
such change is present in the flat-plate boundary layer flow. ) 
A naturally grown boundary layer of this type is superior to 
artificial methods in which the turbulence characteristics, if simulated 
at all, decay downstream, but it requires large and expensive wind-tunnels 
16. 
and this has been done in some large facilities such as the boundary 
layer wind-tunnel of Western Ontario. Nevertheless, a cheaper alter- 
native may be provided by producing a boundary layer similar to that 
of a naturally grown one but in a much shorter length of tunnel. 
In simulating the atmospheric boundary layer properly, it should 
be known for a particular application which parameters must be reproduced 
accurately and what hardware has been developed for such purposes. 
Physical modelling requirements and techniques for simulation have been 
summarised by Dreher and Cermak (1973). They have proposed that for 
an exact simulation the two flows must be 
(1) geometrically similar; 
(2) kinematically similar; 
(3) dynamically similar; 
(4) thermally similar; and 
(5) their boundary conditions must be similar. 
Of these items, (1) is simply satisfied if the roughness length of the 
flat-plate is reduced in proportion to the geometric scale. The model 
geometry should also be reduced in the same manner provided a sufficiently 
thick boundary layer is produced; this usually is not practical and it is 
sufficient if the boundary layer thickness be several times the model 
height. 
Items (3) and (4), although not fully satisfied in wind-tunnel 
experiments, may be approximated well enough not to introduce 
significant errors (Dreher et al, 1973). A serious restriction is that 
the Reynolds number should not be reduced so much that the surface is 
no longer aerodynamically rough. 
Item (2) is automatically satisfied when the other similarity 
conditions are met. 
Item (5) introduces major restrictions in the simulation procedure. 
In this respect Armitt and Counihan (1968) introduced six parameters 
which have to be studied as follows: 
(1) mean velocity profile as a function of altitude; 
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(2) turbulent intensity components as a function of altitude; 
(3) integral scales of turbulence; 
(4) micro-scales of turbulence; 
(5) correlations between components of turbulence, particularly Reynolds 
shear stress; and 
(6) The spectra of turbulence. 
The requirements having been fully established, it is possible to 
seek to attain them in various ways and Cook (1978) has described the 
hardware of simulation of atmospheric boundary layer by the general 
classification of roughness, barrier and mixing-device methods. The 
surface roughness represents the roughness of the full-scale ground 
surface. It establishes the values of the three parameters, zo, d 
and UT. A barrier gives an initial momentum deficit and depth to the 
layer, turbulence having been generated by the mixing device; he des- 
cribes the barrier and mixing device as the 'artificial' part of the 
simulation system. 
Methods of simulating the atmospheric boundary layer were also 
presented and discussed on the 50th Euromech Colloquium reported by 
Hunt and Fernholz (1975). The methods were characterised as being 
based on either 'passive' or 'active' devices. The methods based on 
'passive' devices such as grids, fences, etc., are those in which the 
turbulence energy is derived from the kinetic energy of the mean flow 
while for those based on 'active' devices such as jets, etc., these 
properties are to a greater extent independently variable. This 
characteristic of the latter has been claimed to be an advantage over 
the former; on the other hand in the actual atmospheric flow, turbulence 
characteristics are found to derive their energy from the mean flow. 
The disadvantage of the methods based on 'passive' devices is that 
turbulence decays rapidly down the tunnel. Cook (1978) suggested that 
the advantages and disadvantages in using these methods were evenly 
balanced. Therefore, either of these methods may be convenient, 
depending on the problem of investigation and the extent of facilities. 
For example, according to Armitt et al (1968), in the case of plume 
dispersal problems, a correct modelling of the lateral and vertical 
turbulence intensity and the spectra of each component is required 
while the shear stress is less important; a great length of wind-tunnel 
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is needed downstream. In studying the dynamic loads on structures the 
spectrum and intensity of turbulence must be modelled while the shear 
stress although desirable is less important; a great length of wind 
tunnel is needed for flow development. 
The problem of thermal stratification discussed at the colloquium 
(Hunt et al, 1975) introduces an additional complication which will not 
be taken into account in the present study. 
It would appear, then, that if the intention is simply to reproduce 
the mean velocity distribution without regard to intensity or scale or 
other turbulence characteristics, this may be achieved reasonably well 
with a grid of bars or by curved gauze screens. For a study such as 
the present one, however, which will involve flows around a rigid body 
and in its near wake together with the associated static pressure 
distributions, it seems that, of the methods developed and discussed in 
the colloquium, the most satisfactory were those involving the use of 
the barrier, vorticity generators and roughness elements of Counihan 
(1969), the directional-jet system of Gandemer and the mutiple-jet 
system of Nee. It is, in fact, the first of these that had been chosen 
for the wind-tunnel in the Civil Engineering Department. 
Armitt et al (1968), in exploring the method, undertook a critical 
examination of the problem of production of high intensity turbulence 
with large Reynolds stresses whilst allowing the velocity profile to 
develop. Initially they placed a simple barrier or 'wall' of appropriate 
height across the floor of the tunnel followed by a set of triangular 
vorticity generators at alternate incidences. Their tests showed the 
existence of an undesirably strong vortex which produced unacceptable 
spanwise velocity and turbulence profiles. The problem was overcome by 
using a castellated wall as a barrier which increased the momentum 
deficit of the wall on the centre-line of each vorticity generator; 
the vorticity generators themselves were given an elliptic shape to 
produce the correct distribution of momentum loss (Counihan, 1969). 
This work, together with the more detailed work of Counihan (1970), 
showed that the mean velocity and all significant turbulence charac- 
teristics of the atmospheric flow were adequately simulated. To an 
appropriate scale, the boundary layer was representative of flow over 
rural terrain. 
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Later, Counihan (1973) used the same system to simulate a boundary 
layer representative of flow over urban terrain and again satisfactory 
results were obtained. 
In all of Counihan's investigations, the measurement station farthest 
downstream was 4.5 Hv from the vorticity generators, at which point the 
flow was still developing. The work of Counihan is well documented by 
Robins (1979), who carried out more detailed measurements with a longer 
range of streamwise fetch to investigate the development and structure 
of simulated atmospheric boundary layers. Boundary layers of 0.6 m and 
1.2 m deep rural and 2m deep urban were simulated. In addition to the 
mean velocity, Reynolds stresses and the power spectral density distri- 
butions, some experiments were also made of intermittency and the 
streamwise development of the turbulent energy balance. The simulated 
boundary layers were found to be adequately modelled, having the 
equivalent properties of the lower 300 m of the neutrally stable atmos- 
phere. 
Observations of the streamwise development of the turbulent energy 
balance indicated that the simulated flows required a fetch of 12 to 15 
boundary layer heights in which to attain a structure close to that of a 
naturally grown zero-pressure gradient boundary layer. However, for 
most applications a fetch of about 7 is adequate. 
The only discrepancy was that the wake components of the mean 
velocity profiles were significantly weaker than in zero pressure 
gradient, naturally grown, boundary layers. Castro (1978) has reported a 
similar feature, particularly for his rural flow, and suggested that the 
larger the value of Zo/S, the quicker the outer flow developed. 
2.3 Flow Around Bluff-Bodies 
A considerable mass of data has been accumulated concerning the 
nature of flow around bluff obstacles. Because of the complex nature 
of the flows, attention has been mainly concentrated on the particular 
case of two-dimensional obstacles. However, the practical 
importance 
of the more general case of three-dimensional 
bodies has recently 
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prompted an increasing trend towards research in this area; the detailed 
study of these flows has now become possible with the help of new 
instrumentation such as the pulsed-wire probe (Bradbury et-al, 1971) 
and the corresponding surface probe used in the present experiments or, 
as an alternative, laser doppler anemometer. New methodology such as 
that of Hunt, Abell, Peterka and Woo (1978), and the increasing power 
of computing facilities (Hirt and Cook, 1972) have also played an im- 
portant part. 
This section presents a review of the previous work on the flow 
around both two and three-dimensional sharp-edged rectangular bodies. 
Attention is focussed mainly on the flow behaviour around surface- 
mounted bodies although reference is also made to examples of flow 
around bodies in free-stream flows where they are thought to be infor- 
mative. One basic orientation of the body, namely face on to the flow, 
is considered. 
2.3.1 Two-Dimensional Bodies 
The recent work of Cheun (1981) provides a useful summary of the 
previous work on square-edged bodies set both in boundary layers and 
in free-stream flows. These cases appear to be relevant because of 
some similarities such as the presence of recirculating region 
behind the body bounded by the separated shear layers. 
As far as the flow downstream of the body is concerned, one of 
the major effects of the presence of a ground surface is the restriction 
of vortex-shedding. This was pointed out by Bearman and Trueman (1972), 
where the presence of the splitter plate in the wake of a rectangular 
model in a uniform upstream flow reduced the drag coefficient consi- 
derably; the model had a critical dimension of L/H = 0.62 at which the 
wake flow was associated with the regular shedding of vortices. An- 
other effect of the ground surface is to increase the size of the 
recirculating region; the length of about 13 H to 17 H for the fences 
in the thin boundary layers may be compared with that of about 2.0 to 
2.8 H for the flat plate in uniform upstream flows (Hosker, 1982). 
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The effect of the ground surface far upstream of the body is the 
formation of a boundary layer; a pressure gradient down the front face 
is then produced which will cause the air to flow down and to deflect 
upstream after hitting the ground. This will force the low-velocity 
upstream flow to separate and to form the initial upstream recirculating 
region. The air near the top will flow over the body and form a 
separated shear layer. The dividing streamline which separates the 
flow going upwards and that going downwards will reattach on the front 
face at the stagnation point. 
The shear layer over the top is associated with a powerful mixing 
process between the outer flow and the wake, although Brederode and 
Bradshaw (1972) described a simplified model in which the flow field 
is divided into two non-interacting flows separated by a hypothetical 
dividing streamline: a circulating flow in the region between the solid 
boundaries and the dividing streamline and an outer flow above it. 
The near-wake is a region of great practical interest, but with 
its high turbulence intensities and reversing flows linked with the 
rapid interchange of mass and momentum between the shear layer and the 
recirculating region, it has been an area where measurements have been 
difficult. 
The development of the pulsed-wire anemometer has provided one 
instrument suitable for use in such regions. With it the greatest 
mean velocity in the reverse region was found to be approximately 
0.2 Uo and 0.3 Uo for the backward-and forward-facing steps respecti- 
vely (Moss, Baker and Bradbury, 1977), compared with 0.5 Uo for a flat 
plate in a free-stream (Bradbury and Moss, 1977). Cheun (1981), too, 
investigating the flow within the shear layer and the effect of up- 
stream conditions upon it, used both the pulsed-wire anemometer and 
the X-array hot-wire. 
The pressure field on the rear face of a body and, hence, the 
drag acting on it, are largely influenced by the characteristics of 
the flow in the recirculating region. Bearman et al (1972) have shown 
that the occurrence of maximum drag on the rectangular body for a 
ratio L/H = 0.62 was the direct effect of very 
low suction on the 
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rear face and suggested that this was linked with the increased entrain- 
ment of fluid from the base region which in turn was related to the size 
of the recirculating region. 
The entrainment process leads to a curvature of the shear layer, 
ultimately causing it to reattach on the ground for the surface-mounted 
bodies and to split into two at reattachment. A given amount of fluid 
is returned to the recirculating region to compensate the entrained flow. 
The link between the entrainment rate, the base pressure and the distance 
to reattachment is complex and no general explanation for it has been 
made. Brederode et al (1972), in their studies on a backward-facing 
step, have described a mechanism for the two-dimensional free shear 
layer reattachment as follows. An increase in entrainment rate will 
cause a general increase in velocities inside the recirculating region 
and a decrease in base pressure; consequently a larger transverse 
pressure gradient is produced which will increase the shear layer 
curvature; this will decrease the distance to reattachment and a larger 
reattachment angle, associated with a larger amount of returned flow 
to the recirculating region. 
There have been attempts to correlate the flow behaviour, parti- 
cularly the drag acting on the bodies to the upstream flow character- 
istics. Much of the work has been concentrated on the simpler case of 
a fence flow which is not involved with the variations in L/H. The 
work of Good and Joubert (1968) and Raju, Loeser and Plate (1976) on 
the fences in turbulent boundary layers, suggested that 
CD = 
Drag 
was dependent on inner layer variables only, that is 
TT 
Z 
and 
HV for the rough and smooth wall boundary layers respectively. 
0 
Later, Crasto and Fackrell (1978) showed that, if the drag coefficients 
were properly corrected for the effects of blockage, CDT would be 
dependent on both inner and outer variables ( Uö as well). 
Arie, Kiya and Tamura (1975 ) and Arie, Kiya, Tamura, Kosugi and 
Takaoka (1975 ) have attempted to generalise the results of Good et al 
(1968) for the rectangular bodies. Despite the complications as a 
consequence of the additional parameter of L/H and the possibility of 
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reattachment of the shear layer on the top face, they developed equations 
similar to those of Good et al (1968). In contrast, Castro (1979) found 
that CDý did not correlate with H/Zo while it did so with turbulence 
Reynolds number, -U 
(H-0 
1-I 
The determination of the distance to reattachment has been a matter 
of controversy and the data in this respect are largely empirical. One 
of the fundamentally important problems involved is that, depending 
upon certain body dimensions, particularly its streamwise length, and 
also upon the upstream flow characteristics, notably its turbulence, 
the shear layer over the top may reattach on the top face. This affects 
the extent of the recirculating region and it is, therefore, desirable 
to specify the critical conditions at which the transition occurs. 
Hosker (1982), reviewing the previous work on the extent of the 
recirculating region, concluded that in a 'uniform' upstream flow 
(S/H <<< 1), when L/H <2 there was no reattachment on the top, for 
L/H > (3-4.5) reattachment appeared on the top and for 2< L/H < 4.5 
it was intermittent. For a fence, RL/H = 13 to 17 was reported while 
for a rear-facing step it was between 5 to 7. When reattachment 
appears on the top, RL /H is reduced because the flow behaves rather 
similarly to the case of a rear-facing step. 
Again on the basis of the previous work, Hosker (1982) has stated 
that if a significant shear and turbulence are added to the upstream 
flow, the bounds for reattachment to the top are not sharply defined. 
For L/H <1 the flow is most likely to be separated while for L/H >3 
or 4 it is probably reattached. For 1< L/H < 3, it depends on the 
nature of the incident flow especially its turbulence. For a rear- 
f acing step RL/H is about 7 but for a fence a variety of lengths have 
been reported. The range 6 <_ RL/H < 13 is typical for rectangular 
blocks in deep boundary layers. 
As has been shown by Lee (1975), the addition of turbulence to the 
upstream flow, for the bodies in uniform flows, causes the shear layers 
to be thickened;. a larger recirculating region is also formed if 
turbulence causes the shear layers to reattach on the sides, associated 
with an increase in base pressure. Restriction of the vortex-shedding 
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in his experiments was explained to be caused by the intermittent re- 
attachment of the shear layer on the sides at high turbulence levels 
which was consistent with a more complete recovery of the side surface 
pressures. 
Robertson, Wedding, Peterka and Cermak (1978) have also shown that 
the higher turbulence level was associated with an earlier reattachment; 
the block in the flow with low turbulence level (0.33%) required the 
angle of rotation of about 140 for the reattachment to appear on side 
face compared with 9° when the block was placed in the flow with a 
turbulence level of about 10.4%. 
Bearman (1972) has demonstrated that the turbulence upstream of 
the body's stagnation line was distorted by the mean flow field and 
the small scale turbulence was particularly affected. This could be 
the main factor in the earlier reattachment as a result of the increased 
turbulence. As has been suggested by Laneville, Gartshore and Parkinson 
(1977), the small scale turbulence after a severe distortion is fed 
into the shear layer and, hence, increases the small scale streamwise 
vorticity in that, causing a more rapid growth and an earlier reattach- 
ment of the shear layer. They showed for the blocks in free-stream 
flows that, in the absence of reattachment, an increase in turbulence 
will increase mixing in the shear layer with a decrease in the base 
pressure. On the other hand, the base pressure may increase with in- 
creasing upstream turbulence if the intensity is large enough to cause 
the transition of shear layer reattachment on the sides. 
As discussed before, the recirculating region is the consequence of 
the compensating entrainment of fluid into the shear layer from the 
reattachment region. The second part of the shear layer after re- 
attachment is a source for the production of the far wake. The work 
of Bradshaw and Wong (1972) is mainly concentrated on this relaxation 
region for the very simple case of a rearward-facing step with a thin 
laminar flow at separation (ö/H = 0.12). Flows are modelled in terms 
of their perturbation strength; the larger H/S, the stronger the 
perturbation. They noticed large differences between the turbulence 
structure in the relaxing region and that in the conventional 
boundary 
layer; a marked 'dip' below the universal inner-law was, it was 
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suggested, caused by larger variation of the actual length scale with Z. 
The outer layer structure took even longer to relex to that of the 
ordinary boundary layer. 
Chandrsuda and Bradshaw (1981) have recently undertaken very 
detailed experiments behind a model of the same geometry used by Bradshaw 
et al (1972). The most noticeable features were the rapid decrease in 
all Reynolds stresses in the reattachment region and the large changes 
in the shape of the profiles of triple velocity products which were 
believed to be caused by the confinement of the large eddies at reattach- 
ment. 
Counihan, Hunt and Jackson (1974) have developed a theory, based 
on eddy viscosity assumptions, for rectangular blocks in rough wall 
thick boundary layers and have made comparisons with experiments of 
their own. They predicted that the maximum velocity deficit in the 
relaxing wake decayed like X-' and that the decay in the wall region 
was smaller than elsewhere. Predictions were also made for the decay 
of turbulent shear stress and intensity excess. Their theory was 
adequate for the prediction of mean velocities. 
Extensive experiments were later undertaken by Castro (1979) and 
the results showed that the predictions for the mean velocity defect 
were satisfactory in a wide region. The turbulence Reynolds number 
of the body, 
[-JH 
, was, it was suggested, the 
important factor in 
controlling the decay of the perturbed flow. The predictions for the 
turbulent stresses were not adequate and the need for more sophisticated 
models than those based on eddy viscosity principles was suggested. 
2.3.2 Three-Dimensional Bodies 
When three-dimensional bodies are subjected to atmospheric boundary 
layers, the aerodynamic details are more complex; the problem can be 
greatly simplified by characterising the flow in a systematic manner. 
Morkovin (1972) describes a modular approach to organise complex 
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flow characteristics which may be utilised for problems of engineering 
interest; idealised models are suggested to provide the main mechanisms 
behind the flow modules. As far as the flow around obstacles in 
boundary layers is concerned, four major 'modules' are recognised: 
(1) the horse-shoe vortex system of the front face resulting from the 
presence of shear in the oncoming flow; 
(2) the pair of lateral vortex-sheets generated from the sides which 
may produce two-dimensional vortex-shedding if the obstacle height 
is large compared with the boundary layer thickness; 
(3) the top vortex-sheet which can be unstable and may produce a high 
negative pressure just underneath; and 
(4) a recirculating region to which some flux enters mainly through 
a narrow region of the farthest reattachment region and to a lesser 
extent from the sides, in which some flux is stored and recirculated 
and from which some flux leaves mainly through the top vortex-sheet. 
Each of these modules appears likely to be modified in detail by 
the characteristics of incident flow, notably its turbulence intensity. 
The horse-shoe vortex exists only when shear is present in the 
upstream flow ' however thin it be (Castro and Robins, 1977). Because 
of the variation of the local pressure head across the upstream boundary 
layer, pressure gradients develop on the front face of the obstacle 
downwards from the stagnation point and sideways from the vertical 
centre-line; consequently the flow is wrapped round the body and 
stretched. More than one vortex system may be produced, but there is 
always an odd number of spirals (Morkovin, 1972); up to seven vortices 
have been observed in some cases (Hunt et al, 1978). 
The size of the horse-shoe vortex increases with increasing the 
thickness of the upstream boundary layer. Castro (1973) suggests that 
the higher pressure on the top of a cube in the thicker upstream 
boundary layer could be the result of a larger size of the horse-shoe 
vortex. Similar effects have been reported by Yu (1974). 
Corke and Nagib (1979) found that the size was also sensitive to the 
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upstream turbulence level increasing with an increase in turbulence. 
Shärän (1975) found that the size of the horse-shoe vortex increases 
with increasing the height of the body. 
The shear layers separated from the sides roll up into two 
vertically-oriented counter-rotating vortices behind the vertical 
trailing edges; the presence of these vortices has been confirmed by 
some flow visualisation experiments (Castro et al, 1977 and Yu, 1974), 
but little is known about their interaction with the other flow modules 
and also the effect upon their behaviour of the upstream flow 
characteristics. Hunt (1971) pointed out that the effects of shear 
in the incident flow on the shear layers are not known but turbulence 
thickens the shear layers which may reattach on the sides. 
Davies, Quincey and Tindall (1979), using the modular concept 
of Markovin (1972), showed that for a tall rectangular model (H/W = 6) 
the shedding of vortices from the sides occurred when it was mounted 
in a smooth 'uniform' upstream flow while for the turbulent shear 
flows there was no indication of vortex-shedding. The maximum energy 
at the shedding frequency occurred where the flow at the centre-plane 
was horizontal. 
As in the two-dimensional case, the separated shear layer over 
the top will be bent as a result of entrainment of fluid from the 
recirculating region and ultimately reattach on to the ground plane 
downstream of the body. Again the effect of shear on the behaviour 
of this shear layer is not fully known but upstream turbulence thickens 
the shear layer (Hunt, 1971); this is caused by a higher mixing of 
the recirculating and the external flows. 
Under certain circumstances, depending upon the body geometry 
and upstream flow conditions, particularly its turbulence, the shear 
layer may reattach on the top face. This transition is an important 
phenomenon because of its direct effects on the extent of the recir- 
culating region and the pressure field; it is also a problem of 
interest when the Plume dispersion studies are intended. 
Evans (1957), in his smoke flow visualisation experiments on 
a large variety of body shapes in a near uniform incident flow 
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found a critical length of L~ 2H for the reattachment to occur on 
top face. Vincent (1977) found that for the surface-mounted prismatic 
blocks in a uniform smooth flow, reattachment appeared on'the top when 
1 <L/H<2. 
The effects of the spanwise dimension of body, W, on the critical 
length have not yet been investigated systematically but it appears 
that for cube-like bodies in deep boundary layers (6/H = 0(10)), the 
shear layer always reattaches on the top face while for the equivalent 
two-dimensional body the flow may be separated (Castro et al, 1977 and 
Castro, 1979). Fackrell and Pearce (1981), following their experiments 
on rectangular bodies in both smooth and rough wall boundary layers 
(1/6 < 6/H < 13.2) suggested that for H/6<< 1 with L/H < 0.5 the flow 
was separated at least for W/H >1 while with L/H >1 it was reattached 
at least for W/H < 5. However, this was not a sharp definition and a 
range of intermittent reattachment was also suggested. 
It is generally believed that upstream turbulence shortens the 
cavity region; this might in turn make the reattachment of shear layer 
on the top face more likely. Vincent (1977) in his experiments on the 
surface-mounted cubes in various uniform flows found no evidence of 
reattachment on top for the flows with low upstream turbulence levels 
while for flows with relatively high turbulence levels the reattachment 
appeared on top. However, most of the results concerning the effects 
of upstream turbulence on two-dimensional bodies can also be applicable 
in general terms to three-dimensional cases. 
Apart from the effects on the flow characteristics in the wake 
region, reattachment on top is always associated with the occurrence 
of very high negative pressures on the top face near the leading edge 
from which the shear layer separates; the pressure recovers strongly 
to the base pressure along the streamwise direction. On the other hand, 
for the completely separated flow case the pressure in the separated 
region remains remarkably constant. This provides a useful, though 
not always certain, tool to predict the reattachment. 
Castro et al (1977), investigating cubes of various sizes in 
various boundary layers (0.43 < S/H < 10) and using the top surface 
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pressure measurements suggested that, for S/H >_ 1.4 the shear layer 
reattached on the top permanently and moved forwards with increasing 
S/H. Reattachment on the top for S/H <_ 1.4 and even for some values 
of S/H <1 was intermittent but the flow was separated for the uniform 
upstream flow. In their experiments higher 6/H coincided with a 
higher turbulence level. 
Melbourne (1979) has suggested that the occurrence of the high 
negative pressure is the result of an instability mechanism produced 
by the unstable behaviour of the shear layer; this, it is suggested, 
is influenced by the small scale turbulence in the incident flow 
(Bearman, 1972) which increases the mean and fluctuating pressures 
in magnitude. 
In addition to the generation of mean pressures, the atmospheric 
wind always causes fluctuating pressures. As pointed out by Dreher et 
al (1973), flow reattachment and the formation of vortices cause the 
largest pressure fluctuations while atmospheric turbulence usually 
does not have a major role. On the other hand, as mentioned before, 
the addition of turbulence can cause the reattachment of the shear 
layer on top; this will introduce an unsteady reattachment zone with 
large pressure fluctuations. 
However, all the complex motions described, interact behind the 
body and form the near wake region. Much of the low-speed reverse- 
flow in the recirculating region is fed from the top vortex-sheet 
through the area just upstream of the farthest reattachment region 
to compensate the entrainment. The roll-up vortices shed from the 
sides will interact with the top vortex-sheet near the roof level. 
A direct consequence of these motions is the occurrence of negative 
mean pressure on the rear face. 
Any change in the upstream flow characteristics will have the 
corresponding effects on the flow in the wake. Among the problems 
of interest are the estimate of the extent of the cavity region and 
the prediction of the drags and pressures and the relations between 
them. 
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Bearman (1971) has investigated the effects of turbulence intensity 
and scale on the flow behaviour past square plates of various sizes in 
uniform upstream flows. Base pressure coefficient was found to be 
u22 ß-x2 linearly related to the turbulence parameter, U. -A where A 
is the plate area, and was considerably lower for turbulent flow than 
that for a smooth flow. This was explained to be the effect of extra 
entrainment of fluid out of the wake in turbulent upstream flows. 
The increase in Lx/H caused an increase in both mean and r. m. s. of the 
drag fluctuations. The majority of the drag fluctuation was found to 
be linearly related to the upstream velocity fluctuations but there 
was a further contribution from the wake-induced pressure fluctuations 
on the rear face. 
Cermak (1976), reviewing the aerodynamics of buildings, has given 
particular attention to the pressures and forces. He states that 
increasing turbulence of the approach flow causes negative mean pressures 
in separated regions to be reduced in magnitude. This, generally, will 
have the effect of reducing the drag coefficient. Based on some previous 
work, it was stated that the effect of turbulence length scale was 
insignificant. 
Corke et al (1979), in their experiments on a cube in boundary 
layers of various characteristics, found similar effects for the mean 
surface pressures. They also suggested an improved pressure coefficient 
which incorporated the contribution of the turbulence in the approach 
flow. Based on their definition, a good collapse of data was obtained 
for all surfaces. 
- 
Lf(u2)2 
Vincent (1977) used Bearman's parameter, A= HU, 
to invest}- 
gate the flow around surface-mounted bodies in uniform flows. It was 
concluded that within his experimental range for cubic blocks, RL/H was 
a unique function of A; at low A, he suggests, RL/H is controlled by Cpb 
only; as A increases, entrainment at the bubble increases with an in- 
crease in negative Cpb; thereforeRL/H drops; at high A where reattach- 
ment on the top occurs, the separation point moves downstream and the 
amount of shear at the boundary decreases and 
RL/H rises; at higher 
mixing at the boundary increases and Cpb becomes more negative. For 
cubes in boundary layers, Vincent (1978) showed the importance of up- 
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stream turbulence in reducing the size of the recirculating region; 
the effects of transition to reattachment on the top was to increase 
RL/H as measured from the rear face with a subsequent decrease attri- 
buted to a more steady reattachment caused by even higher turbulence 
levels. 
Hosker (1982) argued that for a simple sharp edged rectangular 
block in a neutrally-stable uniform low-turbulence flow, if the flow 
is assumed to be independent of Reynolds number, then, RL =F [L/H, W/H] 
where RL is measured from the separation point. Based on E vans's(1957) 
data, he developed two expressions corresponding to the presence of 
reattachment on the top surface (L/H >2 say) and its absence (L/H <2 
say) respectively. Some expressions also were given for the maximum 
height and the crosswind extent of the cavity and their locations. 
The agreement for RL was generally within ± 15% for Evan's data. 
Compared with the previous work in the literature, when L/H <_ 2 the 
expression appeared to be adequate for RL/H within 20% or better; when 
L/H ? 2, RL/H was predicted within about 25%. 
For the blocks in turbulent boundary layers the expressions should 
be modified; parameters like H/Zo appear to be important. For these 
cases, Hosker's expression suffices to predict RL/H within ± 50% when 
L/H <1 but for L/H >1 the prediction is fairly good, although of 
course not better than that in a uniform upstream flow. Fackrell et al 
(1981) have recently modified Hosker's expression to make it applicable 
in boundary layer flows; this estimates RL within 20°). 
Attempts have also been made to describe the structure of the 
relaxing wake flow after reattachment of the shear layer. This has 
been investigated both theoretically and experimentally where the rate 
of decay of the velocity deficit and turbulence excess along the wake 
are studied. 
A rather different approach for the study of three-dimensional 
separating and reattaching flows has been presented by Hunt et al (1978) 
in which some kinematical principles and theorems were applied to 
estimate the flow patterns from the results of experiments or compu- 
tations. By classifying the zero shear stress points as nodes and 
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saddles some relations were developed between the number of these points 
on the surface and on the obstacle. For the streamline patterns in 
any plane the concept of half-nodes and half-saddles was introduced 
and the number of these points was included in the relation. The 
nature of flow around the surface-mounted bodies was estimated using 
some flow visualisation experiments and some reference to previous work. 
A significant feature noted was that the streamlines bounding the re- 
circulating region were not the separation lines and closed streamline 
surfaces do not exist. 
The oil-flow visualisation experiments of Yu (1974) on a surface- 
mounted cube in uniform flow is, in fact, essentially concentrated on 
the surface flow patterns with particular attention to the singular 
points. 
2.4 Shear Stress Measurements 
A review of the previous work on the surface shear stress measure- 
ments in both compressible and incompressible flows up to 1975 was 
produced by Winter (1977). Here we briefly review some of it and only 
for the incompressible flow case. 
The methods may be classified into the following categories: 
(1) Momentum balance; 
(2) Direct measurements; 
(3) Wall similarity methods. 
The momentum rrethods are based on the use of the von Kärmän 
momentum integral equation and will not be discussed in this section. 
In direct measurements, the shear force on an element of the 
surface is measured directly regardless of the flow details. 
The methods based on the wall similarity laws may be further 
classified into the following categories: 
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(1) Wall velocity gradient methods; 
(2) Linear sub-layer methods; 
(3) The law-of-the-wall methods. 
Various techniques are described below. 
2.4.1 Direct Measurements 
A small element of wall is cut away and placed so that the gap around 
it allows it to move in the mean direction of the shear force. This 
movement is restricted by an appropriate force-measuring device such as 
a resistance strain gauge, etc. whose readings have already been cali- 
brated against the force. 
Extreme accuracy in manufacture is necessary. The gap around the 
floating element must be kept uniform and the element must be mounted 
either flush with the main wall or slightly below it. Since the device 
measures the mean shear force, it cannot easily be used in severe 
pressure gradients. The force must be sufficiently large to enable the 
measurements to be made accurately. 
2.4.2 Wall Velocity Gradient Methods 
In turbulent boundary layers, very close to the wall, there exists 
a region within which the turbulent shear stress is very small compared 
with the direct viscous shear stress and, therefore, the wall shear 
stress is expected to be determined by the mean velocity profile. In 
other words the fundamental equation 
au TW =U- 
az 
is valid, hence with 
äZ known, Tw is determined. 
(2.1) 
The problem associated with this method is that because of the 
thinness of this region 
f UT Z-4 
V velocity measurements 
are extremely 
difficult to make. 
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2.4.3 Linear Sublayer Methods 
These methods are based on the assumption made in the previous 
section but the velocity gradients are not measured directly. Equation 
(2.1) is usually written in the more convenient form 
U= UT Z 
where Tw =p U2 
UT vT 
(2.2) 
The flow within this region was first thought to be purely laminar, 
with the velocity profile varying linearly with distance from the wall 
in the absence of longitudinal pressure gradients. However, later 
theoretical and experimental work showed that this was not true; the 
flow very close to the wall, although it is 'two-dimensional' in planes 
parallel to the wall, does have v and u turbulence velocity components. 
From the detailed discussion of Hinze (1975), referring to the previous 
work, it may be deduced that u- -'/U approaches a value of about 0.3 
2 
at the wall and that 
u 
= 3. 
ý- 
Now, if the mean velocity profile within this region is assumed 
to be linear, then any instrument with a linear response to the velocity 
fluctuations, when mounted in this region, may be used to find the wall 
shear stress after calibrating it in a laminar flow. The ordinary 
instruments employed, however, have usually been non-linear and care 
should be taken in their calibration. 
The use of surface obstacles has been found to be very useful in 
shear stress measurements. Stanton, Marshall and Bryant (1920) were 
the first who used small surface Pitot-tubes, which became known as 
Stanton-tubes, to investigate the linearity of velocity profile. 
Following their work a variety of obstacles of various shapes were 
examined. These have also been reviewed and discussed by Winter (1977). 
To set a portion of a razor blade over a static pressure hole provides 
a very simple method. Other shapes such as fences, square ridges, 
forward-facing steps, etc. have been suggested. 
The function of all these instruments is to calibrate a pressure 
difference against shear stress in a known laminar or turbulent flow 
and to apply them in an unknown flow. The calibration form for these 
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instruments can be represented by 
(AP) h2 
A 
Tw h2 }b 
= 
pv2 pv2 
where AP is the pressure difference, h is the characteristic length 
(2.3) 
of the obstacle, the index b depends on Reynolds number and is between 
1 and 2 and A is a constant; (Patel, 1965). 
For a fixed device in a particular fluid the above equation may 
be written as 
OP=a, TWb (2.4) 
These equations are affected by the presence of pressure gradients. 
The effects, for sublayer fences, were briefly discussed by Patel (1965), 
and a correction formula was given. 
Of the instruments mentioned and other obstacles, sub-layer fences 
have higher sensitivity than the others. This is because as well as 
the suction at the rear face, there exists a pressure rise at the front 
face, affording a larger total pressure difference for measurement. 
Because of the presence of two pressure holes at either side, they may 
be used in separating and reattaching flows where there is a flow 
reversal. They can also be made sufficiently small to remain within 
the linear sublayer and to be used in flows with strong pressure 
gradients. 
None of the instruments so far described gives a reasonable indi- 
cation of the mean shear stress direction, although Vagt and Fernholz 
(1973) recommended a surface fence for this purpose. Finally, none 
of these instruments gives information about the fluctuating shear 
stress. 
Other methods concentrating upon the linear sublayer region in 
measuring the shear stress, are those based on heat transfer. In these 
methods, small elements such as blocks, films, wires etc. are mounted 
either on the surface or very close to it; the element is then heated, 
usually electrically, and the heat flux to the surrounding fluid is 
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calibrated against the shear stress. These techniques were also dis- 
cussed by Winter (1977). The advantage of the use of hot-films and hot- 
wires for this purpose is that because of the high frequency response, 
they may be applied to measure fluctuating shear stress. They also give 
a rough indication of the mean shear stress direction. The single films 
or wires cannot be used in separating or reattaching flows since their 
outputs do not distinguish the flow direction. A dual film gauge has 
been suggested for this purpose where two films are used simultaneously. 
A common feature for the heat transfer instruments is that the heat flux 
is found to be proportional to Tw 
V3. 
One of the difficulties in the use of both surface obstacles and 
heated elements is that their calibrations in laminar and turbulent flows 
are different. Bradshaw and Gregory (1961) found that the discrepancies 
were of totally different character for these two types of instruments. 
They recommended the use of turbulent calibration which gave accurate 
values of shear stress; laminar calibrations for the two instruments 
(Stanton tube and hot-wire) differed significantly from each other and 
from the turbulent calibrations for the same instruments. They suggested 
that the presence of turbulent velocity fluctuations in the linear sub- 
layer was partly responsible for differences. For the Stanton-tube the 
static pressure fluctuations were thought to be another source of 
difference. 
The effects of turbulent velocity fluctuations on the calibrations 
have not yet been investigated systematically. Bellhouse and Schultz 
(1968), using a thin heated film, found a discrepancy of about 14%; 
the laminar calibration gave an overestimate when used in turbulent flow. 
They indicated that a steady state calibration, when used in turbulent 
flows, could give an underestimate of about 50 in fluctuating quantities. 
However, the effects on mean values were not investigated. 
None of the techniques so far described is capable of adequately 
measuring simultaneously the mean shear stress, its direction and the 
intensity of its fluctuating components in highly turbulent and reverse 
flow. The pulsed heated film of Ginder (1971) was an alternative to 
resolve part of this need. Operation of the instrument is similar to 
the pulsed-wire of Bradbury et al (1971). It consists of three parallel 
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films set on the surface normal to the flow. The central film is pulsed 
with a short duration voltage, and the time of arrival of the heated 
tracer of air to either of the films is measured. The time may then 
be calibrated against shear stress. The instantaneous local flow 
direction could be found by observing which film received the heated 
tracer first. 
The time of flight was estimated by assuming the zone of influence 
of the probe to be within the linear sub-layer and by taking into 
account the effects of diffusion as well as convection. This led to 
the estimation of the calibration form which was confirmed through 
extensive measurements under widely different conditions. The cali- 
bration form was restricted to certain conditions. 
In common with other sub-layer instruments the calibration 
differed for laminar and turbulent flow regimes; the laminar calibration 
resulted in an overestimate of shear stress of about 20% . Ginder (1971) 
has recommended a turbulent calibration which gave practically useful 
results, but warned that it involves using a 'mean' calibration to 
interpret instantaneous data. Bradshaw et al (1965) have also emphasised 
that the flow in which the instrument was to be calibrated should corres- 
pond, as nearly as possible, with the flow to be measured with respect 
to mean velocity profile, and turbulence intensities in the region 
occupied by the instrument. This, of course, requires some knowledge 
of the details of the"flow under investigation. 
Eaton, Jeans and Johnston (1975) have developed a probe which 
determines the instantaneous flow direction very near the surface and 
is applicable in separating and reattaching flows. It consists of 
three parallel wires mounted very close to the wall (1 mm). The central 
wire is heated with a D. C. current to create a tracer of heated air; 
the two sensor wires are operated as resistance thermometers which 
specify the instantaneous sign of the velocity. Their probe is parti- 
cularly useful in finding the fraction of time that the local flow near 
the wall is forward or backward, and hence, in finding the reattachment 
and separation points in two-dimensional flows accurately. 
The same probe configuration was recently used by Eaton et al (1980) 
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to measure the instantaneous shear stress and to determine its direction. 
The wires could be adjusted from 0.1 to 10mm distance from the surface, 
although for most of their experiments this was kept at a fixed level 
(0.3 mm). A pulsed voltage was applied to the central-wire and the 
function was to measure the time of flight in the manner described before. 
They calibrated the probe in a laminar channel flow using a cali- 
bration of the form Tw = A/T + B/T2 suggested by Bradbury et al (1971). 
Their laminar calibration yielded 5-10% lower average wall shear stress 
than was obtained using the direct turbulent channel flow calibration. 
Instead, they found accurate results with the turbulent calibration of 
the probe even for the flows with pressure gradients. 
They applied their probe to two-dimensional separating and reattaching 
flows, but noted that the instrument could in principle be adapted to 
the study of three-dimensional flows. 
2.4.4. Law-of-the-Wall Methods 
These methods are based on the existence of a region in which the 
velocity profile is a function of only the shear stress, the distance 
from the wall and the fluid properties. This may be written non- 
dimensionally as 
u=F lUTZ] (2.5) 
UT V 
which is often called the law-of-the-wall. 
According to extensive experimental evidence (Hinze, 1975), such a 
function has the form 
ý=AIn UT Z+ B 
UT V 
(2.6) 
where A and B are universal constants. This equation may be obtained 
theoretically by making assumptions as to eddy viscosity and by 
assuming that the size of eddies varies in proportion to the distance 
from the wall. Different values for the constants A and B have been 
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suggested, but their universality has been generally confirmed. Through- 
out the present study, the Coles's constants (1956) of A=2.5 and 
B=5.1 have been used. 
Clauser (1954) wrote Equation (2.6) in the following form 
UT 
log 
ZUo 
. 
U-C 
+6 
UT 
(2.7) 
Ü=Aý 
0ov Uo Uo 
where A is now equal to 5.75. 
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In this equation each value of ý corresponds to a straight line for 
U-Z Uo 
--- - ---- 1 ., 
o 
U ý- " V 
is then obtained for various values of 
UT 
which is called the Clauser 
UT UT 2 
Uo 
chart. ýo and hence Cf =2- may be determined by plotting the 
0 
experimental velocity data on this chart. Alternative and more conve- 
nient forms of the Clauser chart have been suggested which are basically 
similar. 
Preston (1954) successfully used circular Pitot-tubes, lying on 
the surface to measure the shear stress of fully developed pipe flow. 
If it is assumed that the main part of the tube diameter is in the 
fully turbulent part of the flow, then the dynamic pressure indicated 
by the tube should be dependent on conditions in the logarithmic region 
where Equation (2.5) holds. Preston (1954), then, wrote a calibration 
of the form 
de 
=F 
TW de2 (AP) 
.,. 12 n, 12 
ý 
0 v2 t Pv2 J 
(2.8) 
where AP is the difference between the Pitot pressure and wall static 
pressure and deis the external diameter of the tube. Using tubes of 
various sizes, Equation (2.8) was confirmed and a calibration form was 
given. 
It is usually assumed that the same results can be used for a 
flat-plate boundary layer flow. This has been confirmed through ex- 
perimental evidences. 
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Subsequent experiments showed that Preston's original calibration 
was in error. The definitive calibration of the Preston-tube was 
obtained by Patel (1965), using essentially the same apparatus. The 
effect of the ratio of internal tube diameter/external diameter was 
found to be negligible. The calibration was obtained in three segments. 
The effects of both favourable and adverse pressure gradients were also 
investigated since these may alter the law-of-the-wall. Patel used a 
surface fence probe for comparison, whose readings were corrected 
for the pressure gradient effects. His proposed limits for the tube to 
be used confidently (errors not more than 3%) are based on the pressure 
gradient parameter, A, defined by A=v3d; the limits are 
T dx 
-0.005 <A<0.01 ,d 
UT 
< 200. 
PU 
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CHAPTER 3 
EXPERIMENTAL RIG 
3.1 Wind Tunnels 
All the experiments on rectangular blocks to be described in Chapter 
(5) were undertaken in the wind-tunnel of the Department of Civil Engineering. 
This is a low-speed blow-down open-circuit type powered by a centrifugal 
fan driven by a 100 H. P. motor with variable speed gear. The tunnel has a 
rectangular working section with 1.372m height x 1.067m width and is 9. Om 
long (Plate 3.1). The maximum wind speed is about 11 m/s and the turbulence 
level at this speed is about 0.2%. 
A complete 1.5m long section of the wind-tunnel is equipped with a 
computer-controlled traversing gear (Plate 3.2). The probe holder has a 
streamlined shape to minimise blockage and slides vertically through a 
close-fitting aperture; it may be moved from side to side by moving the 
roof bodily and in the longitudinal direction by sliding along a slot in 
the roof sealed by a following stub. These movements are powered by 
stepper-motors which themselves are controlled by the PET computer; the 
probe connected to the holder may then be driven automatically to take 
up a series of settings, typed into the keyboard of the PET; composite 
programs for the simultaneous traversing and the reading of data have 
also been created. 
However, most of the development work for the surface shear probes, 
described in Chapter (4), was undertaken in the 1.0m high x 0.75m wide 
x 4m long low-speed wind-tunnel of generally similar design in the 
Department of Mechanical Engineering. The maximum wind speed was again 
about 11 m/s with the turbulence level at this speed of less than 0.5%. 
3.2 Boundary Layers 
As was discussed in Chapter (2), it was necessary to produce 
boundary layers in the large wind-tunnel for the experiments described 
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in Chapter (5). Two boundary layers were then simulated; the experimental 
arrangements for these are described in Sections (3.2.1) and (3.2.2); 
more detailed characteristics of the boundary layers are discussed in 
Sections (5.2.1) and (5.2.2). 
During the course of the development work on the surface shear probes, 
it was also necessary to produce a boundary layer with a known surface 
shear stress (Chapter 4); a naturally grown flat-plate boundary layer 
was, therefore, used in the small wind-tunnel; detailed flow character- 
istics are presented in Section (4.3) but Section (3.2.3) describes the 
experimental set-up for this purpose. A thin laminar boundary layer 
of thickness 5mm approximately was also developed in the small wind-tunnel 
to investigate the suitability of the probes as described in Sections 
(4.4.3) and (4.5.5). 
3.2.1 'Rough' Wall Boundary Layer 
The simulation system, Figure (3.1), based on that originally 
developed by Counihan (1969), consisted of a castellated barrier wall 
of height h= 42mm with castellation of height b= 13mm, with vorticity 
generators of height Hv = 300mm on the back wall of the large wind-tunnel. 
The barrier wall was installed just downstream of the upstream end of 
the working section; (Plate 3.3). 
The surface roughness was represented by 'Lego' blocks of 15 x 7.5 
x 3mm size. These elements were distributed at a packing density of 
22% on a flat level surface, formed of 'Lego' baseboards, which them- 
selves had circular elements of each 4.5mm diameter at a packing density 
of 25%. 
The geometric characteristics of the system are given by Table (3.1). 
The co-ordinate axes used in the experiments are defined in Figure 
(3.1). 
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3.2.2 'Smooth' Wall Boundary Layer 
The system described in Section (3.2.1) was used as a'basis for the 
production of a 'smooth' wall boundary layer, with the roughnesses 
removed so that the rear vertical wall of plywood of the large wind- 
tunnel was used as a smooth surface. The castellated barrier, more- 
over, was replaced by a simple flat-topped barrier. 
The geometric characteristics of the system are given by Table (3.1). 
3.2.3 Flat Plate Boundary Layer 
A smooth flat-plate spanning the width of the small wind-tunnel and 
extending down 2.10m of the working section length was installed at 
approximately 516mm below the tunnel ceiling; the plate was equipped with 
an adjustable flap at the rear to maintain zero circulation around the 
whole assembly. Pressure tappings on the nose were provided to test this 
circulation. 
At the test position, i. e. 1.56m from the transition region and on 
the centre-line, an instrument port was installed with its top surface 
flush to the plate surface. 
Figure (3.2) shows the schematic picture of the flat-plate. 
3.3 Laminar Channel Flow 
For the development work on the shear stress measuring devices 
(Chapter 4) and the detailed measurements of Section (5.4), to calibrate 
the output of the probes against shear stress, a laminar channel was used. 
Detailed characteristics of the channel have been reported by 
Ahluwalia (1974). It consists of two parallel plates, each 610mm 
long. The working section is 225mm wide and the spacing between the plates 
can be adjusted using narrow spacers either 1.59mm or 3.03mm high bolted 
to the plates. Static pressure tappings are situated at intervals of 
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38.1mm along the centre-line of the working section on one of the plates 
permitting the measurement of the pressure drop and subsequently, the 
calculation of the surface shear stress. The entry of the channel working 
section is provided with a monotonically converging contraction to allow 
a fully developed flow to commence at a distance of about 38mm from the 
entry (see Figure 3.3). 
An orifice plate of orifice diameter 9.53mm is set in the upstream 
pipe which has a diameter of 25.4mm. 
3.4 Models 
3.4.1 Models in Preliminary Tests 
In the preliminary tests described in Section (5.3), both two and 
three-dimensional blocks were used. These were all sharp-edged 
rectangular section blocks having a nominal height, H, equal to 64mm. 
Two-dimensional models were made of aluminium while three-dimensional 
ones were wooden blocks. 
The models had a range of proportions. Ratios of streamwise length 
to height, L/H, of 0.5,1.0,1.5 and 2.0 were provided, with spanwise 
length to height ratios, W/H, of 1,1.5,2,2.5,3,6 and 9, and to 
give the limiting case of two-dimensional flow, further models spanning 
the full height of the tunnel, a W/H ratio of a little over 21. Table 
(3.2) gives the details of each model. 
The point should be made that, while it is hoped that the studies 
will have relevance to the effects of the natural wind on buildings and 
the characteristics of the earth's boundary layer were borne in mind in 
developing that in the tunnel, the blocks used are intended to improve 
the fundamental understanding of the flows rather than to model an actual 
building. Their size was chosen so as to permit reasonably detailed 
measurements of pressures and flow patterns. Thus, while they do indeed 
represent the case of blocks immersed in a boundary layer not dissimilar 
to those of the earth, the ratio block height to boundary layer thickness 
is rather larger than for a real building. 
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For the two-dimensional models each was fitted with sufficient 
pressure tappings set in the surfaces to enable the variation of surface 
pressure along the top surface axial centre-line to be determined to- 
gether with the base pressure and the front face pressure in the region 
where this was expected to be a maximum (0.5 < Z/H < 0.7). In addition, 
some tappings off the centre-line on the front and the back surfaces 
were provided to enable checks of two-dimensionality to be made. For 
the three-dimensional models, pressure tappings were provided only along 
the span of the rear face at Z/H = 0.5 with closer intervals near the 
ends to investigate the end effects. 
3.4.2 Test Model For Surface Shear Probes 
In developing the surface shear probes in Chapter (4), a purpose- 
made small model was used with the idea of examining the applicability 
of the probes in shear stress measurements on the top surface rather 
than of investigating the detailed flow behaviour of the particular model. 
The model was so constructed that the probes could be traversed 
along the centre-line on the top surface. Details of the model are shown 
in Plate (3. '). The main element is a rectangular body, made of dural, 
with L=H=2.5 in. (63.5mm) and W= 3in. (76.2mm) with a slot of width= 
depth = 1, in. (31.75mm) centred along the top in the streamwise direction. 
The small block which carries the probe is placed in the slot at any 
desired position; the rest of the slot being filled with the appropriate 
sizes of segmental blocks of various thicknesses ranging from 0.1 in. 
(2.54mm) to 1.0 in. (25.4mm). These small blocks are all made of bright 
mild steel and fit closely in the slot. Once assembled, a complete 
rectangular block is, thus, formed with the probe on the top, the sur- 
faces appearing to be an integral part of the original block surfaces. 
The magnetic plates are placed at the bottom of the slot to prevent any 
displacement of the blocks caused by the wind force or by gravity. A 
hole through the centre of the original block allows the model to be 
fixed on the tunnel wall or floor. This also provides an exit to the 
outside of the tunnel for the tubes or wires connected to the probes. 
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3.4.3 Plain Models 
These models were designed for detailed pressure and Shear stress 
measurements on their top surfaces as will be described in Section (5.4). 
The surface shear measurements were taken with the pulsed-wall probe described 
in Section (3.5.5.1) and developed as detailed in Chapter (4). It was 
arranged, therefore, that the probe mounted on a 6mm diameter plug could 
be set in almost any desired position on the top and also as close to any 
edge as possible. As will be described in Section (5.4), it was intended 
to use two rectangular models with H= 64mm, W/H =9 and L/H =1 and 2 
respecti vely. 
Plate (3.5)shows the various components which together formed the 
main models. The main part consists of rectangular blocks of various widths 
between 0.5 to 156mm which may be put together along the span; the stream- 
wise length for all the blocks is 64mm with a vertical height of 130mm. 
Another set of smaller segmental blocks of length between 0.5mm to 
16mm together with the square section probe holder of side 28.5mm were 
provided which could be selected to give a unit of streamwise length after 
assembly of 64mm; all these blocks had a spanwise width of 28.5mm with 
a vertical height around 130mm. 
The hole through the probe holder lay close to a corner so that, 
after inserting the probe, the distance between the centre of the pulsed 
wire and the closest edges was 3.5mm. The probe could be fixed closely 
into the hole using a pin, a spring and a screw in a very small hole 
connected to the original one; a small groove around the plug would 
allow it to be rotated although no axial movement was possible. 
The set of smaller blocks could be placed at any spanwise position 
within the whole assembly giving the total model width of W= 576mm. The 
blocks could then be placed into a frame and assembled on a jig which 
was made to enable the top surface to be set flush; a separate smaller 
jig served the same purpose for the line of smaller blocks. 
The whole system may be placed in the slot through the wall of 
the wind-tunnel with the frame being fixed to the wall with screws. 
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After installation the effective height of the model inside the wind- 
tunnel would be 64mm, but this could be varied by slight modifications 
on the jig. The probe could be rotated from outside the tunnel; a pro- 
tractor was fixed to the base of the probe holder to determine the angle 
of rotation. If a new position of the probe was required, the model 
would be brought out and reassembled after replacements; this required 
a time of around 5-10 minutes. 
To provide a model with ratio L/H = 2, a complete rectangular 
block of L=H= 64mm and W/H =9 was made and fixed on the tunnel wall 
next to the original block at either side depending on whether the 
measurements on the left or right half of the whole model were required. 
It should be noted that all the large blocks described above were 
made of aluminium while the smaller blocks were bright mild steel and 
that for the larger blocks the major volume was drilled out to reduce 
the weight. 
For the purpose of the pressure measurements, another square section 
block of 64 x 64mm, made of perspex, was built with small pressure 
tappings on the square surface at lmm distance from the two perpendicular 
edges; this replaced the metal block of similar dimension and was tra- 
versed to various spanwise positions for pressure measurements. 
3.5 Experimental Techniques 
3.5.1 Pressure Measurements 
For measuring the surface pressures, the tappings on the surfaces 
were connected to a Furness micromanometer, either through a 20 way 
selection box or directly, using the rubber pressure tubes. 
All the pressures were measured with respect to the static 
pressure at a Pitot-static tube located at the position above the 
vorticity generators in the free-stream. This tube also measured 
the 
reference dynamic pressure on a Combustion instruments manometer. 
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3.5.2 Velocity and Turbulence Measurements 
Standard single and crossed hot-wire anemometers were employed to 
measure mean velocities, turbulence intensities and turbulence shear 
stresses mainly in boundary layers. For the purpose of comparison, a 
fine Pitot-tube was also used occasionally to measure mean velocities. 
DISA hot-wire probes of both the types Pll and P61 were used as 
single and crossed-wires respectively with DISA 55 MIO units incorpo- 
rating 55 MIO CTA standard bridges forming the Constant Temperature Anemo- 
meters; two anemometers were required when using the crossed-wire. 
The King's Law relation was used for the calibration purpose; this 
has a form 
E2 =A+BUn 
where n was chosen as 0.45 and the constants A and B were obtained 
during on-line calibrations using a least-squares fit. 
Each analogue signal from the hot-wire bridge after the subtraction 
of a fixed D. C. voltage and after being passed through the gain 
amplifier is digitised by the A/D converter and the output is multi- 
plexed into a Commodore PET 2001 computer's USER PORT as a 10-bit 
binary number for the later data processing. 
The PET microcomputer has been programmed to allow on-line cali- 
bration and linearised measurements of mean and fluctuating velocities 
(Castro, 1979a). All the time-consuming part of the sampling and 
averaging processes of the software has been written in machine code 
in order to reduce the total measuring time, the remaining part being 
done in BASIC. 
To reduce the time scale even further, the possible values of 
velocities and the squares of velocities are stored in core as look-up 
tables following wire calibrations; two and four tables are therefore 
required for single and cross-hot wires respectively. For each table 
created, there are 1024 possible values as the A/D converter is 10-bit. 
Consequently, the sampling rates for single and cross-hot wires opera- 
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tion are about 2500 and 151 samples per second respectively. 
Finally, a routine is available to check the output of the amplifier 
before its calibration. The probe may be traversed to the locations with 
two extreme limits of turbulence levels and the number of readings lying 
outside the acceptable range of the 10-bit A/D converters (0 to 10 volts) 
appear under the headings"overflows" and "underflows" on the screen; if 
these are of considerable numbers, a combined adjustment of the amplifier 
gain and D. C. source should be made. 
Some measurements of mean velocity, turbulence intensity and pro- 
bability density distribusions were made behind the models using the 
standard pulsed-wire anemometer, as will be described in Section (5.4.2). 
A PET computer was again interfaced to the pulsed-wire electronics. 
Since the software and interfacing procedures are identical to those 
developed for the pulsed-wall probe, the detailed description is left 
until Chapter (4). 
3.5.3 Twin Tube Probe 
A twin-tube probe similar to that employed by Castro and Fackrell 
(1978) was used in the preliminary studies of Chapter (5) to investigate 
top surface reattachment region quantitatively. It consists of a 
double hypodermic tube set on the surface with pressure tappings facing, 
in opposite directions whose readings should balance in the reattachment 
zone. The pressure differentials were measured using a Furness capacitance- 
type micromanometer connected to an integrating digital voltmeter. 
3.5.4 Flow Visualisation Techniques 
Flow visualisation techniques were applied to obtain a rough 
estimate of the flow patterns, reattachment distances and the general 
flow behaviour, in the preliminary stage of the experiments (Section 
5.3.1). 
A helium bubble generator could be positioned at any desired 
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location upstream of the models so that fine bubbles, brightly illumi- 
nated, could be fed into the flow from a single probe. All surfaces 
surrounding the models were painted matt black, lighting was provided 
by suitably located 500W photographic lamps, and still pictures were 
taken, using various exposure times, either through a port in the roof 
of the tunnel (for spanwiseviews) or through the windows in the front 
wall (for plan views); Plate (5.1) presents typical examples. 
Flow patterns could also be made visible by the smoke visualisation 
technique, whereby vegetable oil smoke was released from a single smoke 
source which could be held at any position in space, usually upstream 
of the models (photographs not presented). 
Lines of downstream reattachment were determined by a single tuft 
set at the end of a long bar which, from outside the tunnel, could be 
traversed manually close to the surface to determine regions where the 
flow direction reversed. 
The reattachment region on the top surface was also estimated by 
rows of tufts set on the surface. 
Further, surface oil-film technique was applied to investigate the 
top surface reattachment region. The mixture used was about 15% (in 
volume) red 'Dayglo' and about 85% paraffin oil. For each model, a 
thin plate, of size equal to the top surface, was mounted on the top 
of the model and the surface of the plate was coated with a layer of 
oil mixture using a brush. After the wind-tunnel had been run for a 
period of time, say, ten minutes, at its highest speed, the flow moved 
the suspended particles into a persistent pattern. Some photographs 
were then taken using ultraviolet light to prevent the reflection of 
light from the fluorescent additive, and Plate (5.2) provides typical 
examples. 
3.5.5 Surface Shear Stress Measurements 
It has been stated in the Introduction (Chapter 1) and it will be 
explained in greater detail in 
Chapter (5), that one of the principal 
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aims of the project was to establish the details of surface shear on the 
tops of the blocks. Unlike the items already described in the previous 
sections of this chapter, no ready-made equipment for this purpose was 
available and a substantial part of the project consisted, therefore, 
in the production, development and calibration of suitable measurement 
techniques which will be described in Chapter (4). The most notable 
development was the pulsed-wall probe, but surface fences were used for 
comparison to validate its use. 
For completeness, then, in this chapter, the form of the probes is 
described below, but the work of developing them and establishing their 
suitability for measurements on the top surface of a block is described 
fully in the separate Chapter (4). 
It should be noted that a Preston-tube was also used to measure the 
surface shear stress on the flat-plate in Section (4.3). 
3.5.5.1 Pulsed Wall Probe 
The pulsed-wall probe is a development of the pulsed wire anemometer; 
the three wires of that instrument are maintained but the central, pulsed, 
wire is set parallel to the two outer, sensor, wires. All three are set 
parallel with and 0.002 in. (0.05mm) above the surface under investigation. 
In order that the probe may be placed at various positions on the body 
being studied, the wires are carried on a small cylindrical plug fitting 
closely into a corresponding hole in a subsidiary block with the top 
surface of the plug flush with that of the block, thus forming 
as far as possible, an integral part of it. The subsidiary block may then 
be set at various positions either in the main rectangular model, as 
already described in Section (3.4.3), or in the test model (Section 3.4.2). 
In the initial design for the operation on the test model, the 
three parallel tungsten wires each of 5u diameter and effective length 
0.078" (2mm) were mounted 0.02 in. (0.5mm) apart on six phosphor bronze 
needles of 0.014 in. (0.36mm) diameter at about 0.002 in. 
(0.05mm) above 
the surface of the probe. The top of the plug or holder was covered by 
a thin insulator of thickness 0.033 in. (0.84mm) to minimise the 
heat 
52. 
transfer from the wires to the holder. The holder itself was made of 
brass with an outer diameter of 0.312 in. (8mm) and a small circular 
groove to allow it to be fixed into the blocks using a pin, a spring 
and a screw. After installation, the probe cannot move axially, al- 
though it may be rotated. Plate (3.4) shows the probe after assembly. 
The wires were connected through the needles to a five pin plug connected 
to the pulsed-wire control box. 
As will be described in Section (4.5.6), some modifications to the 
probe were made and the improved probe was then used for the detailed 
shear stress measurements on the main models. A longer central wire 
(0.140 in. (3.56mm)) was used and its diameter was increased to 9u. 
The holder was made longer to permit it to be rotated from outside the 
tunnel and its diameter was decreased to 0.236 in. (6mm) to allow it 
to be set closer to the edges of the blocks. Figure (3.4) shows the 
details of the modified probe. 
3.5.5.2 Surface Fences 
Surface fences were used for shear stress measurements on top of the 
test model only. Each probe used consisted of three main parts: a 
square plate of side 14 in. (32mm) and thickness 0.015 in. (0.38mm) with 
a small fence at the centre of one of the edges; a rectangular block of 
13/16 x 1i x 1, in. (30 x 32 x 32mm) with a small pressure hole along 
the centre-line on the surface with the smaller dimensions connected to 
the stainless steel tube of outside diameter 0.059 in. (1.5mm), and a 
square plate of thickness 0.1 in. (2.54mm) and side 14 in. (32mm) with 
a pressure hole and a tube of construction similar to the rectangular 
block on the surface of the square side. These were all made of mild 
steel (see Figure 3.5 for details). 
Various plates of basically similar dimensions were provided with 
the fences of various size formed on one edge (Plate 3.6); the fence 
heights were ranged between 0.004 in (0. lmm) sh<0.042 in. (l. lmm) 
with the widths between 0.1 in. (2.54mm) sws0.5 in. (12.7mm), giving 
aspect ratios of 4.76 <_ w/h s 25. The plates could be placed between 
the other two components; the presence of two asymmetric dowel pins on 
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the rectangular block ensured that the plates were always fitted to- 
gether in the same relative position. The three parts could then be 
fixed together by the use of four screws. Once assembled, a rectangular 
block was formed with a fence on top face and two pressure holes on 
either side; on the surface each hole had dimensions of 0.010 x 0.032 in. 
(0.25 x 0.82mm) in the directions normal and parallel to the fence 
respectively; the ratio of the fence height/hole length thus ranged 
between 0.4 and 4.2; the holes always lay well within the width of 
the fences. On the opposite face of the assembled block two pressure 
tubes appeared which were connected to the rubber tubes. 
The block may then be set at various positions in the slot pro- 
vided in the test model described in Section (3.4.2), the remaining 
part of the slot being filled with the segmental blocks forming the 
complete rectangular block to be studied. 
These surface fences could not be readily calibrated against the 
shear stress in the laminar channel flow or be used for the measurements 
on the flat-plate because the instrument ports in these had a circular 
shape. Basically similar probes were, therefore, provided each of which, 
after assembling, formed a complete cylindrical shape of diameter 
0.875 in. (22.2mm) with a fence and pressure holes on one of the base 
surfaces and the pressure tubes on the other (Plate 3.6); these cylinders 
could be fitted into the instrument ports and fixed using clips and 
screws. The material used was bright mild steel. The thickness of 
each hole was reduced to 0.005 in. (0.13mm) with the width the same 
(0.0325 in. (0.83mm)); the plates used also had a smaller thickness 
(0.010 in. (0.25mm)). 
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CHAPTER 4 
DEVELOPMENT OF SURFACE SHEAR PROBES 
4.1 Introduction 
As has been stated in the Introduction (Chapter 1), the present 
project was motivated initially by the need to study the circumstances 
determining whether reattachment of shear layers separated from leading 
edges would occur on the top of simple three-dimensional blocks. This, 
however, cannot generally be deduced from pressure distributions. It 
was recognised following the preliminary part of the experiments 
(Section 5.3) that more detailed information could be derived from the 
mean and fluctuating surface flow, and the corresponding shear stress 
patterns on the tops could provide a quantitative approach to the 
problem. The condition under investigation was a highly turbulent and 
reversed flow with unknown mean direction on surfaces. At that stage no 
ready-made instrument for this purpose was available. The review of 
the previous work on the surface shear stress measurements described in 
Section (2.4) shows that only a limited number of techniques may be 
considered; she hot-film probe developed by Ginder (1571) satisfies most 
of the conditions but the major difficulty in his probe is a very low 
signal/noise ratio. The probe recently used by Eaton et al (1980) has 
a basically similar structure but with wires mounted just above the 
surface which avoids the difficulty mentioned above. A slightly modi- 
fied form of this probe (pulsed-wall probe) was developed for all the 
detailed shear stress measurements on the tops of the selected blocks 
as will be presented in Section (5.4.1. ). 
In the experiments described in this chapter the probe was used 
on the centre-line of the top of a block (test model) but a good cosine-law 
yaw response in the laminar flow encouraged us to hope for its suita- 
bility in determining the local mean shear stress directions and this 
was confirmed later in the experiments of Section (5.4.1). 
Surface fences which have been used in boundary layers with the 
separated and reversed flow regions (see Section 2.4) were also examined 
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but only as a part of the development work described in this chapter, 
although the results should be considered for comparison to validate 
the use of the pulsed-wall probe. 
The form of the probes was described in Section (3.5.5); in the 
present chapter the work of developing them and of investigating the 
suitability of-the pulsed-wall probe for the use on the top surfaces 
of blocks is presented in detail. The experiments required certain 
necessary ancillary equipment for use with both the probes and this is 
described first. 
4.2 Laminar Channel Flow 
For the calibration of the output of both the probes in terms of 
shear stress, a laminar channel flow was applied. The general form and 
dimensions of the channel was described in Section (3.3). The complete 
characteristics of the channel flow have been reported by Ahluwalia 
(1974) and some of those which are relevant to the present study are 
discussed below. 
For a steady two-dimensional incompressible flow the Navier-Stokes 
equation in the x (streamwise) direction is 
UL, M=1 ap + ý ax +Wz-p ýx 
I a2u a2u 
aX2_ 
+z 
IV 
and the z (vertical) direction equation leads to 
ap 
- ýz 0 
(4.1) 
(4.2) 
For a steady laminar channel flow with two parallel walls at 
distance 2 He (Figure 4.1), W=0, and 
x=0; Equation (4.1), then, 
reduces to 
aP _ a2u ax Z 
(4.3) 
a p Equation (4.2) implies that = constant and Equation (4.3) may 
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be integrated; the result considering the boundary conditions U=0 at 
z=±Hcis 
U= 1 dP 2 ýZ - 71 -, -a -x H C 
2 
" (4.4) 
The mass flow rate, m, may be calculated from 
m= 
H 
1` 
-Hc 
pUbdz (4.5) 
where b is the width of the channel. Substituting U from Equation (4.4) 
into Equation (4.5) and integrating would give 
m=_2pbH 3 dP 
c ax 
The shear stress is expressed as 
au T-uýz 
This together with Equation (4.4) give 
dP 
T=ýZ 
and at the wall 
dP H 
w ax c 
= 
Uý (2H C)p 
The channel Reynolds number is defined as Re - U 
(4.6) 
(4.7) 
where Uc is the maximum, that is the centre-line, velocity which from 
Equation (4.4) is 
Uý -1 dP 2 Hý . _ TI Týf -x 
(4.8) 
Therefore, knowing äP , the other flow characteristics can be 
calculated provided the pressure distribution along the channel surface 
is linear. 
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To investigate this, the surface static pressures were measured 
relative to the pressure through the tapping nearest to the exit, i. e. 
3/4 i n. (19mm) from it (see Figure 3.3) , of the channel at 'two different 
Reynolds numbers of about 50 and 840 respectively. The channel height 
was 2 He = 1.6 mm. According to Ahiuwalia (1974), transition from laminar 
to turbulent occurs at Re = 2200 and the flow was, therefore, laminar in 
both cases. The pressure distribution is shown in Figure (4.2). It may 
be seen that shortly after the entry (about 1.5 in. , 38 mm), a fully 
developed flow is established and thereafter the surface static pressure 
gradient remains constant. A linear pressure drop was also measured for 
the channel with the thickness 3 mm. Therefore, calculation of shear 
stress and other parameters are based on the difference between two 
pressures through, the tappings located at 2j in. (57 mm) and 231 in. 
(590 mm) (21 in., 533 mm apart) from the entry. 
Based on the channel dimensions described in Section (3.3) and the 
dry air properties at a temperature of 15°C and a pressure of one atmos- 
phere, the various parameters were calculated as functions of AP = P1-P2, 
using the appropriate equations (4.6 to 4.8), and the results are 
summarised in Table (4.1) for both channel heights (note that Tw=P UT2). 
The effects of variation of temperature on the air properties were 
not taken into account; for the experiments on the test model, the results 
were to be normalised with the free-stream dynamic pressure which would 
also be affected by the variations in temperature and the resultant 
error in the ratio was thought, therefore, to be negligible. 
In order to check the accuracy of the calculations, the mass flow 
rate was also measured using an orifice-plate mounted on the upstream 
pipe and the results were compared with those using Equation (4.6); 
the differences were small and this convinced us that the calculations 
were reasonably accurate. Therefore, all the calculations hereafter 
are based on the pressure drop along the channel wall. 
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4.3 Flat Plate Experiments 
In order to investigate the response of the probes in a turbulent 
flow, the laminar flow calibration was applied to measure the surface 
shear stress of a turbulent flat-plate boundary layer of known character- 
istics. The experimental set up was described in Section (3.2.3). 
To obtain the accurate values of shear stress at the test position, 
different methods were used which are described below. 
4.3.1 Clauser Method 
This method is based on the logarithmic-law region of the mean 
velocity profile near the wall up to d 0.15 (see Section 2.4.4). 
To obtain the mean velocity profiles careful measurements were made, 
at two different Reynolds numbers (see Table 4.2), by traversing a 
linearised single hot-wire probe down to a distance close to the surface. 
UU0z In Figure (4.3), ý- is plotted against In ; the family of ov 
straight lines represent the following equation 
U= A 
UT 
1n 
UoZ UT 
+B 
UT 
Böv UO To- 
for various values of Cf =2( )2 . The Coles' 
(1956) values of 
0 
A=2.5 and B=5.1 have been substituted. 
It is evident that the logarithmic-law region exists in both cases 
and the value of Cf is found to be about 0.00385 and 0.00328 for the 
low and the high Reynolds numbers respectively; the results are shown 
in Figure (4.4). 
4.3.2 Correlation Methods 
These methods require some parameters which are tabulated in Table 
(4.2) based on the single hot-wire data. The parameters have their 
usual meanings and are defined 
in Section (5.2.1). d* and 8 were 
59. 
evaluated numerically and the results were checked by graphically obtained 
values; a very close agreement was attained. x is the distance from the 
transition point to the test position (x = 156 cm). 
Ludwieg and Tillmann's correlation is 
Cf = 0.246 x 10-0.678 
H uoe -0,258 
v 
11-p r 
which is valid for 103 _< V 
104, (H =e) 
(4.9) 
The present data lie within the above range as is shown in Table (4.2). 
The values of Cf calculated from Equation (4.9) using the single hot- 
wire data are shown in Figure (4.4). 
The values of Cf were also calculated using Schlichtung's corre- 
lation formula of 
Uo6 -4 
Cf = 0.0256 
and the results are also indicated in Figure (4.4). 
(4.10) 
Both equations show higher values than those obtained using the 
Clauser method. Since these equations may be compared to those based on 
the power-law velocity distribution it was thought to be useful to 
investigate the effects of the exponent, n, on Cf values. 
According to Hinze (1975), assuming a power-law velocity profile of 
the form U=Z 
1/n 
, we may write 
Uo 
TT- - 
or 
1 
C1 Rea TrFfi 
2 
Cf=2Cl-2Re d-n+T 
Uos 
where Res =v and C1 is a constant. 
This equation, together with zi =n gives (n+l)(n+2) 
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22 
C=2 C2 n n+T Uo n+ fý L+1n+2) 
From this equation and within the range 103 <_ 
doe 
< l04 , the v 
ratios of Cf values with n=5 to those with n=6 lie within 
(Cf )n=5 
0.6 <_ < 0.67 which shows the importance of variations in n. Z: I ý fn=6 
To estimate the value of C1 we use the following arguments. For a 
fixed H, Equation (4.9) corresponds to a value of n=6.46 in Equation 
(4.11); assuming a constant value of H n- 1.36, from Equations (4.9) and 
(4.11), 2 C2 0.0542. It should be noted that Equation (4.10) corres- 
ponds to n=7 in Equation (4.11) and a similar approach would give rather 
different value for C1 (2 C1-2 = 0.0458). 
Using 2 C1-2 = 0.0542 in Equation (4.11) for the low and the high 
Reynolds numbers, the values of n 6.09 and 6.17 respectively are found 
to give results similar to those obtained from the Clauser chart. This 
rough argument is intended to show how sensitive the value of Cf can be 
to the power-law exponent. Since the mean velocity profile normally 
does not follow the precise power-law, it is difficult to obtain a definite 
value for n. The Cf values obtained from the Clauser method were, there- 
fore, thought to be more realistic. To investigate this, another 
instrument was employed to measure the shear stress which is described 
below. 
4.3.3 Preston Tube 
A round Preston-tube of internal diameter di =1 mm and external 
diameter de = 1.5 mm was used. This gives a diameter ratio of 
di 
= 0.667 
which is close to the value of 0.6 of most of Patel's experiments, 
although his calibration was virtually independent of this ratio for a 
wide range of the ratio (Patel, 1965). 
The tube was mounted on the flat-plate at the test position and 
pressures were measured for a variety of 
Reynolds numbers with respect 
to the static pressure of a Pitot-static tube in the free-stream flow. 
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In terms of Patel's calibration for the Preston-tube used in the 
experiments, we may write 
_CAP) 
de 
4p v2 
= 21424.931 (AP) 
where OP is the pressure differential in mm H2O and the characteristics 
of dry air at a temperature of 15°C and a pressure of one atmosphere have 
been substituted. 
Measurements were taken for the range of 0.042 s AP < 1.554 mm H20. 
This corresponds to 2.95 < x* s 4.52 where x* = loa 
ýP de2 
. Vio 4pv2 
Therefore, Patel's calibration for the range 2.9 < x* < 5.6 was used, 
being 
Z* = 0.8287 - 0.1381 x* + 0.1437 x*2 - 0.0060 x*3 
where z*=logio 
2 
Tw de 
4pv2 
The results are shown in Figure (4.4). As may be seen, there is a 
good agreement between the results of the Preston-tube and those of the 
Clauser method which suggests that these can be taken as the actual 
shear stresses at the test position. 
4.4 Surface Fences 
The principles of the use of small obstacles in surface shear stress 
measurements were described in Section (2.4.3). It is evident from 
that discussion that, of the various obstacle shapes, the fences are 
preferable because of their relatively higher sensitivity and also their 
applicability in the regions with flow reversal. 
The forms of the probes used were described in Section (3.5.5.2). 
For most of the fences, the ratios of the pressure hole width, s, to the 
fence height, h, are smaller than unity; therefore, the holes probably 
lie within the recirculating regions before and after the fences. As 
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will be seen later the fence of height 0.021 in (0.53 mm) was used for 
most of the measurements on the block, giving a value h 0.24 for its 
calibration and its use on the flat-plate and 0.48 for its use on 
the block. 
In this section the calibration of the probes in the laminar channel 
flow, their response in a turbulent boundary layer and their application 
for the use on the top of a block are described. 
4.4.1 Calibration of the Probes 
In order to obtain the shear stresses on the top of a block the 
probes must be calibrated in a well behaved flow. According to the 
previous experience reviewed in Section (2.4.3), most of the sublayer 
obstacles, when calibrated in a laminar flow, overpredict the shear 
stress in turbulent flows. Despite this fact, the fences were calibrated 
in the laminar channel flow described in Section (4.2). This was 
firstly because, as was stated in Section (4.1) and Chapter (1), the main 
function of the use of surface fences was to establish a source for 
comparison to validate the use of the pulsed-wall probe. The latter 
probe was also calibrated in the laminar channel flow since a study of 
reasons for the possible discrepancies could be the basis of the expanded 
part of the present project; the probes were, therefore, calibrated in 
the same flow regime. Secondly, as has been stated by Bradshaw et al 
(1961) if the sublayer instruments are to be calibrated in a turbulent 
flow, this flow should be as close to the flow under study as possible; 
it was not, however, practicable to produce a turbulent flow with known 
characteristics closely similar to the flow on the top of the block. 
In order to estimate the range of the shear stress, Tw, within 
which the probes should be calibrated, a fence of w=0.1 in. (2.5 mm) 
and h=0.021 in. (0.53 mm) was traversed along the centre-line of the 
test model (see Section 3.4.2) in both the thin and the rough wall 
boundary layers (see Sections 4.4.3 and 5.2.1). The maximum value of 
the pressure difference, I AP I, was found to be about 0.7 mm H20. A 
fence of the same size was then mounted in the channel at test position 
and AP was calibrated against the wall shear stress. The corresponding 
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value of Tw for J AP I=0.7 was 0.024 mm H20. The upper limit of the 
calibration was chosen at about 0.04 mm H2O for convenience; the lower 
limit was set as low as reasonably accurate measurements could be made. 
For the calibration form, it has been found experimentally (Patel, 
1965 for example) that 
AP = al TW= a2 bcb (4.12) 
where al and a2 are functions of p, v and the characteristic length, 
particularly height, of the fence, Uc is the characteristic velocity 
and b depends on Reynolds number. 
Equation (4.12) may also be written non-dimensionally in the 
following forms, 
2b 
ýP h2 
=A 
TW h 
P v2 p v2 
or 
OP 
TW 
(4.12a) 
The value of b is found, experimentally, to be within the range from 
unity to 1.67; for most of the previous experiments this is about 1.5 
(Patel, 1965). 
To obtain the calibration of the form of Equation (4.12), the 
fences of various dimensions were calibrated in the channel flow with 
the characteristics described in Section (4.2). Two different channel 
spacings were used to investigate the effects of pressure gradient on 
the readings. Figure (4.5) shows typical calibrations plotted as AP 
vs Tw on a logarithmic chart. Equation (4.12) implies a linear cali- 
bration of this form and the results are consistent with this expectation. 
The effect of increasing the fence height while keeping the fence 
width the same is to produce a larger AP. Similarly, for a fixed 
fence height, as the fence width increases, AP also increases. 
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However, for all the fences the slope of the calibration appears to 
be the same; in other words, in terms of Equation (4.12), b appears to 
have the same value. 
The effects of the pressure gradient on the readings can be clearly 
seen in Figure (4.5) where the calibrations for a fixed fence size in 
the channels of two spacings do not coincide. This is because, according 
to Equation (4.7), in order to produce the same wall shear stress, the 
channel with a larger spacing will require lesser pressure gradient. 
With increasing pressure gradient, the velocity profile near the wall 
will depart more sharply from linearity. Therefore, in the presence 
of pressure gradient, the assumption that the fence reading is uniquely 
related to the wall shear stress is not valid anymore and may be expected 
to depend on the velocity distribution in the region 0 <_ Z <_ h. 
If any correction is to be applied to the fence reading, the channel 
with a larger height must be less affected. To illustrate this quanti- 
tively, Patel's argument may be used. 
If the origin of the co-ordinate system in Figure (4.1) is trans- 
lated to the wall, the Equation (4.4) becomes 
1 dP (z2 -2zH). ý ýc 
Substituting 
- from Equation (4.7) in Equation (4.13), then 
(4.13) 
T 4.14 U=ýý (z2 -2z Hc) .() 
c 
Now, in Equation (4.12), let Uc be chosen as the mean velocity, Um, 
over the face of the fence, thus 
1 jh 
Um=ý Udz 
0 
which together with Equation 
(4.14) give 
Tw hh 
Um 
2u1 3H 
c 
where the absolute value of Tw 
is taken. 
(4.15) 
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For a linear velocity profile 
T 
Z U= 
11 
and 
Um 
TW h 
=ý (4.16) 
From Equations (4.15), (4.16) and (4.12), AP readings may be 
corrected to obtain the equivalent values of the condition as if there 
was no pressure gradient; the result is 
[API dP *O= 
[API dP 
-O1-hb ý. 
(4.17) 
ax -d-x- c 
For all the fences the value of b is found to be approximately 1.56 
which is close to the value of 1.5 suggested by previous investigators. 
Pressure differences were corrected using Equation (4.17) and typical 
results are plotted in Figure (4.6). The results are improved in gene- 
ral and particularly for h=0.53 mm and w=2.54 mm or 12.7 mm the 
results collapse to single lines. The difference between the calibration 
lines for lower fence heights may be due to the effects of the ratio of 
the fence height to the static pressure hole dimension. For most of the 
subsequent measurements a fence of 0.53 x 2.54 mm was used. 
As is seen from Figures (4.5) and (4.6), the value of a1 in 
Equation (4.12) varies for various fences. From equation (4.12a) 
(AP) h2 =C 
(TW h2)b 
or 
AP =C TWb h(2b-2) 
therefore, a1 =C h(2b-2) ; that is a1 =C h1'12 for b=1.56. 
or 
To illustrate this the values of al were worked out using both the 
corrected and uncorrected calibration 
lines and these are plotted against 
h in Figure (4.7). The slope for the corrected values is not very 
different from what was expected; the scatter seems to be due to the 
effects of the fence aspect ratio. 
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4.4.2 Measurements on the Flat Plate 
The surface fence of dimensions h=0.53 mm and w=2.54 mm was 
mounted at the test position on the flat-plate described in Section (4.3). 
This particular dimension was chosen because firstly, it gave a consistent 
calibration curve in both the channel flows and secondly, its reasonable 
height enabled pressure differences to be measured with relatively good 
accuracy. The corresponding shear stresses were evaluated using the 
calibration curve of Figure (4.6), and the results for various flow 
Reynolds numbers are plotted in Figure (4.4). To compare with the actual 
shear stress, a reasonable agreement is obtained for Re N7x 105 but 
for lower Reynolds numbers the probe overpredicts the shear stress. 
The literature on the surface obstacles also shows an overprediction 
of shear stress (see Section 2.4.3); the source of error is not yet known. 
One possibility is the non-linearity, if there is any, of the velocity 
profile over the upper proportion of the fence which exists when the fence 
height is larger than the linear sublayer thickness. This thickness for 
a turbulent flat-plate boundary layer is 6' -4. For the present 
experiments with 0.1 < UT 0.4 m/s, it lies in the range 0.145 < 6' < 
0.58 mm. The fence with h=0.53mm is, therefore, immersed completely 
within the layer provided UT < 0.11 m/s which is when Re < 2.5 x 105. 
Thus, the results are expected to be more accurate at lower Reynolds 
numbers but this is just where the largest discrepancy occurs. There- 
fore, in developing a general correction method, in addition to the form 
of the velocity profile, other factors, such as the turbulence structure 
in the sublayer region, should also be taken into account. It should be 
noted that inaccurate readings of the probe at low flow Reynolds numbers 
could also be a factor for the discrepancy. 
4.4.3 Experiments on the Test Model 
The calibration of the fences having been completed and its value in 
turbulent flow established, experiments were undertaken on the test model 
described in Section (3.4.2), mounted in both a thin and a thick rough 
wall boundary layer. 
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For most of the measurements the fence of 0.53 x 2.54 mm was used. 
Further, some measurements were made using various sizes of the fences 
to investigate the effects of the fence aspect ratio. 
The thin boundary layer was that developed on the floor of the wind- 
tunnel of the Mechanical Engineering Department (see Section 3.1), the 
model being placed at 65 cm from the contraction exit. Considering a 
laminar boundary layer, the momentum thickness may then be estimated from 
0=0.664 (T) (see Bradshaw, 1970 for example). If we put x= 65 cm 
and Uo = 10 m/s then we find that 0 is about 0.65 nm, and ö will be about 
5 mm. 
The thick rough wall boundary layer was that developed on the wall 
of the wind-tunnel of the Civil Engineering Department (Section 3.1); 
its characteristics will be described in Section (5.2.1). 
Figures (4.8) and (4.9) present the variation of 
pP2 
along the 
centre-line of the top surface of the model in the thin 
o 
and the thick 
boundary layers respectively, for two different dimensions of the fence. 
The corresponding shear stress distributions, Cf = 
1w 
, for the smaller 0 
fence height are plotted in Figures (4.10) and (4.11), using the cali- 
bration curve of Figure (4.6). 
It is not the purpose of this chapter to discuss the behaviour of 
the flow; this will be presented in detail in Chapter (6). It is, rather, 
to afford a comparison with the pulsed-wall probe, and so to validate its 
use. The fence probe identifies the points of the zero and the peak shear 
stress independent of its dimension. The fact that the fence with the 
largest dimension, i. e. w= 30.5 mm and h=1.06 mm yields rather different 
results near the front face is most probably due to its presence and the 
flow disturbance. This particular fence was examined for comparison only 
and its results will not be used elsewhere. 
It should be noted that the effects of local pressure gradient on 
the fence readings have been ignored because the pressure distribution 
does not have a simple form as is shown, for the model 
in the rough wall 
boundary layer, in Figure (5.45). The largest value of 
äx is about 
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0.074 mm H2O per mm which is the same order as the laminar channel flow 
pressure gradient at relatively high Reynolds numbers. 
For the model in the thick boundary layer and at X/H = 0.4, the 
values of Cf were measured with the fences of various sizes using their 
corrected calibrations in the channel with 2 He = 1.6 mm; the results are 
included in Figure (4.11). Apart from the fence of 0.53 x 12.7 mm, the 
discrepancy appears to be caused by the problems involved with the use 
of the fences with very small heights. 
The variation of Cf with Reynolds number at X/H = 0.4, on the model 
in the thick boundary layer, is plotted in Figure (4.12). For Re > 3x10, 
Reynolds number effects become negligible , but for Re ti 3x 104, Cf 
increases steadily in magnitude with decreasing Reynolds number. 
4.5. Pulsed-Wall Probe 
4.5.1 General Description 
The pulsed-wall probe is a modified form of the pulsed-wire anemo- 
meter developed by Bradbury et al (1971); it was developed to provide 
quantitative measures of surface shear in a way which the surface fence 
probes would not. The general form of the probe was described in Section 
(3.5.5.1). The probe, as has been described, consists of three parallel 
fine tungsten wires set at 0.002 in. (0.05 mm) above the surface under 
investigation. The central wire is pulsed with a voltage pulse of a 
few microseconds duration. This heats up the wire and causes a tracer 
of heated air to be released into flow. The tracer is convected away 
with the local instantaneous velocity. The sensor wires on either side 
of the central wire are operated as simple resistance thermometers and 
are used to measure the time of arrival of the heat tracer at one or 
other of the two sensor wires. 
Now if the wires are located close enough to the surface, within 
the linear sublayer of a turbulent boundary layer, the measured time 
should be a unique function of the wall shear stress for a given probe 
in a given fluid as discussed in Section (2.4.3). The probe may be 
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calibrated against shear stress in a well-behaved flow and this calibration 
could then be applied in turbulent boundary layers. The probe should be 
capable of measuring the instantaneous surface shear stress in the orien- 
tation perpendicular to the wires. 
The sense of the shear stress is given by checking which of the sensor 
wires receives the heat tracer first. The mean surface shear stress, Tw 
as well, as the intensity of its fluctuating components, w, may be 
measured provided a large enough number of the instantaneous measurements 
are made within a reasonable period of time. The only restriction is in 
the length of the wires, w, since tan"' - gives the largest angular 
deviation of the flow that can be sensed, where I is the distance between 
the central and either of the sensor wires. 
If the surface shear stress vector in a three-dimensional flow is to 
be determined, the yaw calibration should be examined and measurements have 
to be made for a variety of the probe directions; the direction at which 
the measured time of flight is a minimum will specify the direction of the 
mean shear stress vector. 
In the following sections, the development of the probe, its inter- 
face with the control electronics and its response in turbulent flows are 
discussed in detail. 
4.5.2 Interfacing and Software 
The control electronics of the Malvern pulsed-wire anemometer have 
been used throughout the experiments. This has been fully described 
by Bradbury et al (1971). The hardware and software for the pulsed-wire 
anemometer and the newly developed surface probe are essentially the 
same. The details of software have been described by Castro (1981a). 
At the initial stage of the development work, the available software 
was only applicable for the pulsed-wire electronics with the octal output 
which had been interfaced to a PET microcomputer. A considerable amount 
of time and effort were, therefore, spent in adapting the existing soft- 
ware to operate on the present system, which is described below. 
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The signals are all fed through the 15-way socket on the front panel, 
the 'multiplexer output'. The external device, i. e. the PET, must first 
present a falling edge control signal at pin 9. This will cause the 
pulsed wire to be fired and a time of flight to be displayed on the front 
panel four decade counter. Pin CB2 of the PET which is connected to pin 
9 of the instrument should therefore, be initialised high and subsequently 
low, through the Peripheral Control Register (P. C. R. ). When the falling 
edge is presented to pin 9, the output from pin 11, connected to pin 
CAI of the PET, goes high and remains high until the time of flight is 
displayed when it returns to the low state. The falling edge signal at 
the pin CAl would be then recognised through P. C. R. and the Interrupt 
Flag Register (I. F. R. ). 
The time of flight data can now be recorded. These data are trans- 
ferred to the PET through the pins 1-5,7 and 8 of the instrument which 
are connected to the input/output user data port in the PET (pins PAO- 
PA7, PA7 being the parity bit and is taken as 1). These pins may be set 
independently either as inputs or outputs to the PET through the Data 
Direction Register. 
The first information presented at the data pins is the plus or 
minus sign of the time of flight in the standard ASCII code character. 
This seven-bit signal is transferred to a memory location (an eighth 
parity bit is not provided and is taken as 1). During the recording 
process CB2 should return to high state. After recording the sign 
character a falling edge is again presented at CB2 but without firing 
the wire. This will cause the first most significant decade of the 
time of flight to be presented at the data pins in ASCII form. On 
receiving the second falling edge signal CAl goes high and returns to 
the low state when the data are present. This is recognised by the 
computer and the second seven-bit data is recorded. This process (hand- 
shaking) continues until all four decades of the time of flight counter 
have been recorded. Following the sixth falling edge signal, a seven- 
bit delimiting character, the ASCII code 'slash' is presented which 
terminates the process. 
A double check of the presence of a 'slash', one in the beginning 
and the other at the end of the process is necessary to eliminate the 
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flight times at which spikes have been involved. 
The time of flight is now stored as ASCII coded decimal characters 
in five bytes. This has to be converted to a 14-bit binary number stored 
in two bytes which is done through a machine code routine. The flow 
chart diagram of the whole operation is presented in Figure (4.13). 
Each time of flight corresponds to a particular shear stress. To 
reduce the time scale, all possible values for the shear stress, after 
calibration, are stored in the memory core (look-up table); therefore, 
each time of flight acts as a pointer to the appropriate shear stress 
from the table. Because of the restriction in the available memory core, 
the software restricts the maximum time of flight to 4095 usec. so that 
T >_ 4096 corresponds to a zero shear stress. The probability table is 
also set up during the sampling process. 
All the time-consuming parts of the software such as the inter- 
facing between the PET's USER PORT and the anemometer, the sampling loop, 
etc. have been written in machine code, while the controlling of these 
routines, final data analysis, etc. have been programmed in BASIC. This 
will cause the final result to be obtained as fast as possible (10,000 
samples in about two minutes). 
To reduce the effects of noise caused by the probe interference, 
a routine is available which eliminates the signals corresponding to 
the shear stresses outside the specified range by the user. 
The form of calibration of the probe will be discussed in the next 
section, the constants being found using a least-squares fitting technique. 
4.5.3 Calibration of the Probe 
In an ideal situation, the time taken for the tracer to reach a 
sensor wire would be 
T=(4.18 ) 
IUh I core 
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where L is the distance between the pulsed wire and the sensor wire, 
jUhl is the magnitude of the velocity vector at the height of the wires 
and e is the angle between the direction normal to the wires on the 
plane of the probe and the instantaneous velocity vector (Figure 4.14). 
However, in practice the effects of the thermal diffusion and of 
the control electronics result in calibrations which are not linear. 
An empirical fit to the calibrations for a pulsed-wire probe have been 
suggested by Bradbury et al (1971), which is given by 
U= A/T + B/T2 (4.19) 
where A and B are constants which may be determined by a least-squares 
fitting procedure after each calibration point is obtained. For the 
present probe, it is assumed that the wires lie within the linear- 
sublayer region; therefore, shear stress is proportioned to Uh. 
For a pulsed-film probe, Ginder (1971) has developed a calibration 
form by taking into account the effects of diffusion. Possible adaptation 
of his approach for the present probe will be examined in Section (4.5.7). 
The calibrations were all made in the laminar channel flow of 
spacing 2 He = 1.6 mm with the characteristics described in Section (4.2). 
The reasons for the choice of a laminar flow for calibration, rather than 
a turbulent flow as have been suggested by some previous workers, were 
explained in Section (4.4.1). 
Initially, however, a calibration of the form of Equation (4.19) 
was examined with U= UT being the friction velocity which could be 
calculated from the information in Table (4.1), measuring the pressure 
gradient along the channel. The probe was placed in the channel at 
the test position; the voltage pulse was set at 10 volt, adjustments 
being made at a medium speed of the flow (UT = 0.35 m/s); the sensor 
wires current and the amplifier gain were adjusted so as to obtain as 
large a sensitivity as possible; on the other hand, the pure diffusion 
signal, caused by the asymmetry in the probe geometry, for a zero 
mass flow rate would not trigger the comparators. The adjustments 
having been made, the response in a turbulent flow (on the block), 
when the instrument is set in its repetitive mode of operation and 
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switched to stand-by position, should not be of sufficient magnitude to 
trigger the comparators, and if so, a combined adjustment should be made 
with a subsequent calibration of the probe. 
From the surface fence measurements on the test model, described in 
Section (4.4.3), a maximum value of Tw 0.025 mm H2O (-UT = 0.45 m/s) in 
magnitude had been found. Since the flow is highly turbulent, the maximum 
instantaneous values of Tw (or UT) will be much larger than their corres- 
ponding mean values as will be seen later. However, flight times of less 
than about 300 microseconds had not normally been recorded, but this may 
be reduced, and as will be explained, it was in fact reduced to about 
200 microseconds for the future experiments. Therefore, if calibration 
up to larger values of shear stresses is desirable, a larger spacing 
between the wires has to be used; on the other hand, the spacing must be 
small compared with the turbulence scale of the flow under investigation. 
Further work on these effects is merited. The calibrations were normally 
made within the appropriate range; the number of samples for each cali- 
bration point was 200-300 and the total number of calibration points was 
about 12 or more. 
However, the probe was calibrated for both sensor wires; the cali- 
bration was non-linear and the curves for the two sensor wires were 
different from one another; the latter is caused by the asymmetry in the 
probe geometry. 
The important problem associated with the calibration was that the 
signal for UT ti 0.1 m/s was not sufficient to allow the measurements 
to be made and the calibration could not, therefore, be extended down to 
that region. The curves, thus, had a 'hole' for -0.1 -< UT < 0.1 m/s. 
This was an unfortunate restriction, since as was shown in Section (4.4.3) 
near the zero shear stress points on the model, the shear stresses are 
very small in magnitude and for the model in the thin boundary layer, 
even the maximum UT was found to be about 0.23 m/s which lies in the 
lower part of the calibration. 
A simple way to overcome this difficulty was to increase the pulse 
amplitude; the voltage was increased to 20 volts and the probe was re- 
calibrated. Figure (4.15) presents the calibration for the pulse ampli- 
tude of both 10 and 20 volts. As can be seen, for the pulse voltage of 
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20 volts and UT N 0.1 m/s the calibration curves for the two wires 
diverged and even for UT = 0, that is a zero mass flow rate, a pure 
diffusion signal was observed and the time of flight was measured 
(1/T = 0.001). For a perfectly symmetrical probe this signal was 
not expected. For the later experiments great care was taken to 
construct as accurate a probe as possible, and in some cases its 
geometry was checked by a travelling microscope. 
This, however, was an opportunity to examine the buoyancy effects 
on the readings; the channel was put upside down and the pure diffusion 
time was measured; the readings were closely the same for both cases. 
Subsequently, the latter channel configuration was used simply because 
it was easier to place or remove the probe. 
However, with the pulse voltage of 20 volts, shear stresses as 
low as UT - 0.05 m/s could be measured but the calibration of the 
form of Equation (4.19) with U- UT was not satisfied. The reason for 
this was that in Equation (4.19), UT =0 corresponds to l/T = 0; there- 
fore, the calibration curve is forced to pass through the origin, no 
matter how large the pure diffusion signal would be. 
A difficulty arose in that the pulsed-wire had only a short life- 
time when a 20 volt pulse amplitude was applied. A voltage between 
10 and 20 volts was desirable but the rotary switch could only be 
adjusted by 10 volt intervals. 
In order to investigate the sensitivity of the probe to the flow 
direction, yaw calibrations were made. With the probe in the channel 
the probe was rotated and the times of flight were measured at various 
probe angles. Figure (4.16) shows the results for the pulse voltage 
of 10 and 20 volts, at relatively high flow Reynolds numbers, the 
values having been directly obtained from the corresponding calibration 
curves. It may be seen that the distributions in both cases follow 
the cosine-law yaw response. This is in contrast to the behaviour 
reported for the ordinary pulsed-wire (Bradbury et al, 1971), where the 
cosine-law distribution usually lies below the experimental points 
and is surprising because the effects of thermal diffusion, which are 
believed to be responsible for this behaviour, might be expected to 
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be more significant in the present probe. The effects of thermal 
diffusion will be briefly discussed in the next section but this clearly 
merits further research. With the pulse amplitude of 10 volts and at a 
lower flow Reynolds number the results which are not presented, showed 
a narrower yaw angle limit. 
As mentioned earlier, one of the problems in calibration of the 
form of Equation (4.19) was that it is being forced to pass through the 
origin while the experimental points do not tend to do so because of 
the effects of thermal diffusion. It was thought that the calibration 
may have been improved if another constant was added to the right hand 
side of Equation (4.19); the calibration form then becomes 
U= A/T + B/T2 +C (4.20) 
with the constants being calculated through a least-squares procedure. 
Another point is that, if, in Equation (4.20), U is taken as UT, 
in the measurements in turbulent flow, the intensity of the fluctuating 
UT , that is 
UT would be calculated, which cannot easily be converted 
to the intensity of the fluctuating shear stress, that is I UT2 . 
In practice, however, Tw is a physically important parameter and UT is 
defined for convenience only. It would, therefore, be realistic if 
Tw or UT2 were directly considered rather than UT. Indeed, further 
experiments showed that Equation (4.19) with U UT2 fitted the points 
even better than if U- UT. Further, Equation (4.20) appeared to be a 
more convenient form than Equation (4.19); an even wider range was 
covered using this calibration form, as is shown in Figure (4.17). 
Therefore, all the subsequent measurements are based on the cali- 
bration of the form of Equation (4.20) with U -1- UT2. 
For the measurements on the flat-plate and on the test model, 
described in the following sections, a pulse voltage of 10 volt was used. 
76. 
4.5.4 Flat Plate Experiments 
To investigate the response of the probe in a turbulent flow, the 
flat-plate turbulent boundary layer, with the characteristics described 
in Section (4.3), was used. The probe, after calibration, was mounted 
on the plate at the test position (see Section 3.2.3) and the mean and 
intensity of shear stresses were measured for various flow Reynolds 
numbers; the results are plotted in Figure (4.4) together with those 
using various techniques described previously. To check the accuracy 
and repeatability of the results, measurements were repeated after 
turning the probe 1800; the readings were very closely the same, both 
for the mean and the intensity of shear stresses. 
As the results in Figure (4.4) show, the trends of the measurements 
are the same as the actual shear stresses. Intensities tend to behave 
It 
2 1 
similarly and lie within the range 0.3: 5 --TW <_ 0.45. Since the 
w 
wires are assumed to lie within the linear-sublayer region the instant- 
aneous shear stress at the wall is linearly related to the velocity 
2 
at the height of the wires; therefore '/ u at this height is expected 
to fall within the above range. Although various values of 
u2 
--g-- at the wall have been reported by the previous workers, they all 
lie around 0.3 (Hinze, 1975) which is not inconsistent with the present 
data. It should be noted that with the present probe the wires are so 
close to the wall that the intensities may, to a reasonable approximation, 
be taken as those at the wall (0.35 <Z<1.5 for different Reynolds 
numbers). 
In common with many other sublayer instruments (see Section 2.4.3), 
the present probe, as calibrated in the laminar channel flow, overestimates 
the mean shear stress for all Reynolds numbers by about 20-27%. Eaton 
et al (1980), found similar behaviour for their pulsed-wall probe. 
Ginder (1971), has also reported an overestimate of about 20 for his 
pulsed-film probe. These workers have obtained accurate results when 
their probes have been calibrated in a known turbulent flow. The 
reasons for this discrepancy are not yet known. Ginder has investigated, 
in detail, possible sources which might result in error. For the device 
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to be a sublayer instrument, it is required that the zone of influence 
to be confined to a region, say, zvTs4. Let us assume, roughly, 
a zone of influence of zT2.5 suggested by Ginder for rather v 
different flow conditions; the wires are located at about 0.051 mm above 
the surface which with the largest UT of about 0.4 m/s gives Z 
UT 
- 1.5 
and a total extent of influence of about 4. Therefore, within the 
present experimental range the probe appears to be a truly sublayer 
instrument. 
The effects caused by the probe geometry should also be considered. 
Since the 'local' shear stresses are to be measured, the probe dimensions 
in the x and y directions should be small compared with the turbulence 
length scales in the corresponding directions. Consideration of this 
requires some information about the behaviour of the flow motion in the 
sublayer region. The previous work concerning this motion has been 
reviewed by Ginder (1971) and more detailed discussion is presented by 
Hinze (1975). 
In brief, the flow in the sublayer region is associated with a 
more or less regular but randomly fluctuating pattern of low-speed 
streaks. In terms of the wave-like structure of longitudinal velocity 
patterns, the longitudinal and the lateral wavelength parameters are 
+_ xX UT 
- 630 and a+= 
ay OT 
135 respectively and the longitu- 
. C11 dinal convection velocity parameter is CXt = 80 (Morrison, Bullock 
T 
and Kronauer, 1971). 
The range of UT in the flat-plate experiments was 0.16 < UT < 0.38 m/s 
which corresponds to 24 < Ax < 57 mm and 5< ay < 12 mm. The present probe 
has a longitudinal spacing of wires of about 0.5 mm which is much smaller 
than Ax; the spanwise dimension of the probe, that is the length of the 
wires, is about 2 mm which is smaller than ay but is of the same order 
of magnitude; therefore, the probe may be too wide in this respect. 
With Ax+ = 630 and Cx+ = 80, the typical time scale is T -C_ = 7.875 
v 
xT 
which for the present experiments lies within 790 <T< 4460 psec. 
These time scales should be large compared with the typical time of flight 
which is 370 <T< 1700 p sec. 
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Castro has investigated the effects of the wire length experimentally. 
Within 1 _< ws4 mm the effects on the mean shear stress were negligible 
but the measured intensities of shear stress were considerably higher 
for the shorter wire lengths. 
Another source of discrepancy could be associated with the non- 
linear velocity profile in the laminar channel flow where the probe has 
been calibrated. Neglecting the effects of thermal diffusion for the 
moment, for a linear velocity profile we may write 
U= UT Z and U 2, lJT VT 
in terms of the velocity at the height of the wires, Uh, is then 
u2= 
Uh v 
T ý- (4.21) 
For a parabolic velocity profile from Equation (4.14) we have 
UT2 = 
Uh v1 (4.22) 
c 
For the same Uh, that is the same time of flight, substituting 
h=0.051 mm and 2Hc = 1.59 mm in Equations (4.21) and (4.22), gives 
2 
[UT 1 dP = CUT 
2] 
dP x 0.97 
ax =00 
This shows a correct trend but affects the results only to an 
insignificant extent. 
The above rough argument, however, does not strictly imply that 
the effects of departure from the linearity of velocity profile is 
unimportant since the effects of diffusion have not been considered. 
As will be discussed in Section (4.5.7) because of the complex 
interference of thermal diffusion, the discrepancy is difficult to 
quantify. Probably, the safest way to study these effects is to solve 
the time-dependent equation of the variation of temperature in the form 
4+u-= K a28+a26 
ax xz 
(4.23) 
where 6 is temperature and K is thermal diffusivity. 
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Castro has recently solved numerically the steady state case of 
Equation (4.23) for a point heat source with a constant temperature of 
00 for both a linear and a parabolic velocity profile. Equation (4.23), 
neglecting the longitudinal diffusion term, then, reduces to 
K a2e ax aZ2 
For a linear velocity profile this may be written in a more con- 
venient form of 
- 
ýý +a Zý ae =ß aZe ax aZ 2 
where a= I-/h, 
K 
hU 7' 
z= z/L , x= x/i and 8= e/eo 
The solution showed that for a fixed surface shear stress, typical 
of the present work, the temperature at the position of the sensor wire 
was about 10% higher for the parabolic velocity profile than that for 
the linear case. Therefore, the non-linearity of the velocity profile 
in calibrating the probe could be, at least partly, responsible for the 
error in shear stress as measured in turbulent flow. 
This is further documented by some experimental evidence of Castro 
where he found that as the channel height was increased, the measured 
value of shear stress on the flat-plate tended to become closer to 
the actual shear stress for all Reynolds numbers. For a fixed surface 
shear stress, the larger channel height will produce a smaller pressure 
gradient and hence a smaller departure of the velocity profile from 
the linearity. 
4.5.5 Experiments on Test Model 
Finally to establish its suitability on the surface of blocks, the 
probe was traversed along the centre-line on the test model described in 
Section (3.4.2); the pulse amplitude was again 10 volts. The shear 
stress at each position was measured using 10,000 samples which was found 
to be large enough to give repeatable measurements. 
ý 
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Measurements were made at two Reynolds numbers, Re = 
U0H 
of about 
V 4.6 x 104 and 2.4 x 104 respectively; for the flow with high Reynolds 
number, measurements were repeated after turning the probe through 1800. 
The results for the model in the rough wall boundary layer are plotted 
in Figures (4.11) and (4.18) for the mean and intensity of shear stress 
respectively. As is seen, the probe direction has an insignificant 
effect on the results and can be ignored entirely. 
In another experiment, the probe was fixed at X/H = 0.44 on the 
block in the thick boundary layer and shear stresses were measured for 
various flow Reynolds numbers. THe results for the mean and intensity 
of shear stress are plotted in Figure (4.12). 
Typical results of similar experiments on the model in the thin 
boundary layer are shown in Figures (4.10) and (4.19). 
The results of the surface fence for the mean shear stress, described 
in Section (4.4.3), are included in Figures (4.10), (4.11) and (4.12) 
and it is interesting that in most regions the results are remarkably 
close to those measured with the pulsed-wall probe. The deviation of 
the experimental points for the two probes is most probably caused by 
the flow disturbance because of the presence of the fence. It should 
be noted that in contrast, the probes gave rather different results in 
the turbulent boundary layer on the flat-plate (see Figure 4.4). 
However, although the probe successfully measured the shear stresses 
and identified the positions of zero shear stress, a number of diffi- 
culties associated with it arose during the course of the development 
work which were pointed out in the previous sections. This urged us to 
modify the probe, improving it for use on the blocks in the detailed 
shear stress measurements described in Section (5.4.1). This modifi- 
cation will be described in the next section. 
4.5.6 Modification of the Probe 
i 
Some of the difficulties associated with the probe were straight- 
forward and could be readily altered, such as the calibration form, etc. 
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However, as mentioned earlier, a low sensitivity of the probe to a low 
shear stress could not be overcome. This was because it required a higher 
pulse amplitude which caused unacceptably short wire lifetime. An in- 
crease in the wire diameter from 5 to 911 was not particularly effective 
since the wire reached the same temperature for both cases. Some modi- 
fications were, therefore, thought to be necessary; it is the modified 
form which is also described in Section (3.5.5.1). 
First of all, the diameter of the probe holder was reduced from 
0.312 in. (8 mm) to 0.236 in. (6 mm) to allow the measurements to be made 
as close to any edge as possible; secondly, the holder was made longer 
so that it could be rotated from outside the tunnel while it was running. 
More importantly, a longer central wire of length 0.14 in. (3.5 mm) was 
used. Initially, a central wire of nickel and tungsten wires of 511 
diameter for the sensor wires were used. Since it was soon recognised that 
tungsten wires were more useful, a tungsten wire of diameter 9U was 
therefore used. With this modified probe the pulse amplitude could be 
increased up to 20 volts with a normal operation of the probe. 
A typical calibration of the probe for both sensor wires is shown 
in Figure (4.20); as is seen shear stresses as low as UT = 0.06 m/s 
could be measured with a good fit to the calibration of the form of 
Equation (4.20). As may be seen in Figure (4.21), the new probe res- 
bonded to flow angles as large as about t 850 and the yaw response 
was wide even for lower values of shear stresses. 
4.5.7 Further Discussion on the Calibration Form 
The time of flight, T, is a consequence of a convection time, Tc9 
plus a diffusion time, Td. Let us consider, for the moment, the 
convection time due to the velocity at the height of the wires, Uh and 
the longitudinal diffusion time only. If x is the distance which the 
heat tracer convects away, then Tc = 
1- 
. Assuming a linear velocity 
profile Uh = 
UT 2h 
and the corresponding time of flight due to convection 
is then 
xv 
(4.24) Tc 
U 
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The theory of diffusion shows that the front of the heat tracer will 
be smeared out over a region whose thickness is roughly 
ö=2KT c 
where K is the thermal diffusivity of the air. 
(4.25) 
Now, the total distance, that is the spacing between the wires is 
L=x+S. This, together with Equations (4.24) and (4.25) give 
6=C 1+21 
1-1 
C 
where C=2Kv UT2h 
and the total time of flight is determined from 
-2 1 4K [[1 
+ 
2C )}11 
For the laminar channel flow the velocity profile is not linear 
and Uh is obtained from 
U _UT2h I1-2C] hv 
Therefore, Equation (4.26) holds for the time of flight but with 
C 
2Kv 
UT 2h1-ý 
(4.26) 
In Figure (4.22), Equation (4.26) is plotted for the linear velocity 
profile case with the probe geometry and air properties at 15°C substitu- 
ted. A typical calibration form is also included. For the parabolic 
velocity profile case, a slightly different curve is deduced. 
Now, let us consider a mechanism similar to that used by Ginder 
(1971) and neglect the effects of longitudinal diffusion on the time of 
flight. Assume that the heat diffuses outwards a distance ö, is 
convected along the stream a distance 1, and diffuses back to the 
sensor wire. The time is then 
2 
T=+ iv 
(6+h) UT2 
(4.27) 
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The first detection will occur for the value of S which gives a minimum 
for T, that is when = 0, which leads to a cubic equation of the form UV 
-KX, 
" 
ö3 +2h 62- + h2 6 
UT 
2 0 
2` 
Since always 
k+IKIv h3 > 0, the above equation, there- 
T 
UT 2 
fore, has always one real and a pair of complex roots. Under the condi- 
tion that 4 UT 
2 h3 
<1, which is satisfied throughout the present 
Kvl 
work, the real root is 
d, ý 
KXV 
1/3 
2UT21 2ý 
h3_2h 
UT2 BT K, Qv) I3 
Having UT2, d is determined and T may be calculated from Equation (4.27); 
the results are plotted in Figure (4.22). Note that this mechanism 
forces the profile to pass through origin for UT2= 0, which is not true 
of course as a matter of experiment. 
As is seen none of the mechanisms discussed above adequately 
describes the calibration form. It is also noticed that the first 
detection, that is the fastest time of flight, is not always involved 
with one of the mechanisms only. The actual mechanism is much more 
complex and in fact both the longitudinal and the vertical diffusion 
terms have to be taken into account. 
4.6 Summary 
For the purpose of the measurements of the instantaneous shear 
stress on the top surfaces of the blocks, a pulsed-wall probe was 
developed. The instrument was calibrated in a laminar channel flow 
and its value was examined in a turbulent flat-plate boundary layer. 
The probe overpredicts the shear stress in the turbulent flow; the 
major factor for the discrepancy appears to be the non-linearity of the 
velocity profile in the channel which results in a considerably 
different diffusion effect from that in a linear velocity profile. 
This, clearly merits further work and the effects of both longitudinal 
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and vertical diffusion should be taken into account. 
The probe had the potential of operating on the top of a block; 
surface fences validated the suitability of the pulsed-wall probe 
and also proved to be useful in their own right to measure the mean 
shear stress provided an appropriate dimension was used. 
Difficulties arose during the course of the development work which 
suggested some modifications to the pulsed-wall probe; the modified 
probe had, then, a wide yaw response which fitted the cosine-law reasonably 
well and it was, therefore, hoped that it would be applicable in deter- 
mining the shear stress direction. 
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CHAPTER 5 
MEASUREMENTS 
5.1 Introduction 
The subject of the present project is the wind-tunnel study of some 
aspects of the nature of flow around buildings. Factors to be considered 
are the body geometry, its orientation and the upstream flow character- 
istics. Buildings may have complex shapes and there will often be inter- 
action between adjacent buildings. However, the present work is limited 
to one important class of shapes, namely rectangular bodies with a fixed 
orientation of the approach flow normal to a face of the body; many modern 
buildings approximate to this particular shape. 
As has been shown in Chapter (2), the flow can be very sensitive 
to the upstream flow conditions. To satisfy the full-scale boundary con- 
ditions, a proper simulation of atmospheric boundary layer in wind-tunnel 
tests is then of primary interest. It has also been shown that because 
of the limitations in the lengths of wind-tunnels, it is usually necessary 
to apply artificial methods for the simulation purpose. The available 
techniques were reviewed in Section (2.2) and of those, the system 
developed originally by Counihan (1969), was able adequately to simulate 
all significant flow characteristics of the neutrally stable atmosphere 
in a fetch of about 12 boundary layer heights. Using this technique, two 
boundary layers were developed with most of the work being concentrated 
upon the more practical case of a rough wall boundary layer; the develop- 
ment of a smooth wall boundary layer was mainly to establish different 
upstream flow conditions rather than to simulate an atmospheric flow. 
Although most of the present work has been concentrated on the 
practical case of the study of flow around three-dimensional bodies, 
consideration of two-dimensional cases was thought to be useful since 
many of the ideas of the flow around three-dimensional bodies are 
derived from the latter. This also provides data for the limiting case 
when W/H oo. 
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In terms of the modular approach of Morkovin (1972), described in 
Section (2.3.2), the greatest attention has been given to the behaviour 
of the shear layer separated from the top leading edge. The fundamental 
aim has been an understanding of the circumstances which lead to re- 
attachment of the separated shear layer on the top surface. As discussed 
in Chapter (2), the transition to reattachment on the top face of the 
shear layer is important because it creates a discontinuity in the flow 
behaviour which greatly alters the situation. 
The geometry of bodies was expected to cover all possible cases of 
fully separated, intermittently reattached and permanently reattached 
shear layers. For all the experiments the body height was kept the same 
and the effects of variation in the streamwise and the spanwise dimensions 
on the flow were investigated. 
In the present project these flows were studied by flow visualisation 
methods in the first instance, supplemented by pressure and anenometer 
measurements. The experiments were intended to act as a guide in select- 
ing particular cases for more detailed measurements which took the form 
of the investigation of surface shear patterns on the top of the bodies. 
5.2 Development and Calibration of the Boundary Layers 
Both boundary layers used in the experiments were simulated in 
the wind-tunnel of the Civil Engineering Department using the standard 
method developed originally by Counihan (1969). The wind-tunnel and 
experimental set up have been described in Chapter (3). The co-ordinate 
axes are defined in Figure (3.1). The choice was determined by the 
wind-tunnel limitations on the one hand, and the desire to produce deep 
boundary layers on the other. Instrumentation used for the experiments 
were standard Pitot and Pitot-static tubes, single hot-wire and cross 
hot-wire anemometers which were described in Chapter (3). 
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5.2.1 Calibration of 'Rough' Wall Boundary Layer (BLR) 
Pitot-tube and single hot-wire traverses were made, at various values 
of X/Hv, in the boundary layer and Table (5.1) gives the main parameters 
relating to different sections of the boundary layer calculated from the 
hot-wire data. 
The boundary layer thickness, 6, has been taken as the height at 
which the mean velocity, U. is 0.99 of its free-stream value, Uo. The 
displacement thickness, 6*, and the momentum thickness, 6, are defined 
by the following integrals respectively 
6* _ 
foo (1-U 
dz and 0=U1-U dz. UU U0 o000 
The parameters were also calculated using the Pitot-tube data; 
there was a reasonable agreement between the results. 
Figure (5.1) shows the mean velocity and turbulent shear stress 
profiles at X/Hv = 12 as measured with a crossed hot-wire, the mean 
velocity profiles at various stations having been confirmed by single 
hot-wire and Pitot-tube measurements. The longitudinal, vertical and 
lateral turbulent intensity profiles at X/Hv_12, measured with a cross 
hot-wire, are plotted in Figure (5.2); again the longitudinal turbulent 
intensity profiles at various sections, measured with a single hot-wire 
(Figure 5.3) are in good agreement with those measured with a crossed 
hot-wire. 
The profiles of mean velocity and turbulent intensities at X/Hv = 15 
are in a very close agreement with those at X/Hv = 12 and are not pre- 
sented. This together with the collapse of data in Figure (5.3) and the 
entirely normal shape of shear stress profile in Figure (5.1), confirm 
that the flow is reasonably well developed at X/Hv 12. 
The usual log-law for a rough wall boundary layer has the form 
U1 Z -d in 
UT Kz 
0 
(5.1) 
where d is the zero-plane displacement, Zo is the roughness length and 
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K is the von Kärmän constant taken as 0.41. In the above equation, 
UT 9 Zo and d are unknowns. It has been recommended that the measured 
Reynolds stress (-ü = U1 ) may be used to reduce the unknowns to two 
(Cook, 1978). With UT fixed, d can be chosen in such a way as to give 
UT in agreement with the measured shear stress. The mean velocity data 
at X/Hv = 12 were plotted on a semi-logarithmic chart and values 
were obtained for various values of d, fitting a best line 
o by eye, 
which is usually preferred to a least-squares method since the latter 
requires prior knowledge of the height range in which the logarithmic- 
law is valid. The maximum measured shear stress, near the wall, with 2 
the cross hot-wire is 
Uz 1 
=0.0023 with a local turbulence level at 
_/ ýý2 
UD ) 
this height of -0.18. Correcting this, according to the work 
of Tutu and Chevray (1975), suggests 12 value of about 12% larger 
than the measured one which gives a value of about 0.051 for 
UT 
Uo 
A value of d=4.6 mm yields a slope corresponding to this value of 
UT UT 
. From Equation 
(5.1), Zo is then about 0.27 mm. (If the actual 11-0 
atmospheric boundary layer height were taken as 600 m (Counihan, 1975), 
an equivalent full-scale roughness length of about 54 cm would be ob- 
tained. ) 
Assuming a power-law velocity distribution of the form 
u_ (Z- d1/n 
U0 ý6-d 
(5.2) 
a value of about 0.22 is found for 1/n. This information suggests 
that the developed flow is a simulation of a 'rough rural' or a 'smooth 
suburban' atmospheric boundary layer according to Counihan's classifi- 
cation (1975). 
In Figure (5.4), , 
d-- is plotted against log at X/Hv = 12 
T 
using the parameters noted above; the solid line represents Equation 
(5.1); a good collapse of data was obtained for the similar profiles 
at various stations. 
From Figure (5.4) the 'wake' component of the mean velocity profile 
in the outer layer is A/Uz c- 2.2 which is significantly weaker than 
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the value of 2.7 (Coles, 1956) for naturally grown boundary layers. 
This would be expected since, as mentioned in Section (2.2), several 
workers have found similar results for boundary layers simulated in 
this way (e. g. Robins, 1979). 
To investigate the two-dimensionality of the flow some spanwise 
measurements were made at X/Hv = 12 and Z/Hv = 0.4 with a cross hot- 
wire. Figure (5.5) presents the results. As is seen, the distributions 
are reasonably two-dimensional except for that of J. Attempts were 
made to obtain a better two-dimensionality for all components by connect- 
ing the vorticity generators together with wires to stop them from 
vibrating and also by varying the height of the barrier in the region 
where the two-dimensionality was not very satisfactory but no improve- 
ment was attained. However, as is shown in Figure (5.5), the flow is 
reasonably two-dimensional in the central region of y= 600 mm within 
about ± 5% in UT/U02 and the model with the largest spanwise length 
of w= 576 mm lies within this region. 
The two-dimensionality of the flow was also examined by mounting 
two-dimensional rectangular blocks across the tunnel and measuring the 
surface pressures which confirmed that the flow was reasonably two- 
dimensional over the wide range covered by the pressure tappings (Figures 
5.14 and 5.15). 
For the purposes of calculation, the values of 
P° Pr 
were 
zý P Ur 
measured at various stations and its variation with X/Hv is plotted 
in Figure (5.6). This will be used later to correct the measured 
surface pressure coefficients of the models. 
5.2.2 Calibration of 'Smooth' Wall Boundary Layer (BLS) 
For the smooth wall boundary layer, the tunnel wall was used as a 
smooth surface. Initially, under the same conditions as the rough 
wall boundary layer, the measured mean velocity, and particularly 
longitudinal turbulent intensity profiles were not satisfactory. 
It was then decided to investigate the effects of decreasing the barrier 
wall height on the flow. As is shown in Figure (5.7), turbulence in- 
tensity is increased with increasing barrier wall height. On the other 
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2 
hand, at a depth of approximately 0.3 <ö<0.7, appeared to Uo 
be approximately constant depending on the size of the barrier wall. 
These results are plotted together with those with no barrier at all, 
in Figure (5.7). It is evident that the profiles are improved as the 
barrier height is reduced. This might suggest the adaption of an 
arrangement using no barrier wall in the system at all. For the flow 
with no barrier, however, the spanwise distribution of the mean velocity 
and turbulent intensity showed that the flow was by no means two-dimen- 
sional. 
Since it was important to produce approximately a two-dimensional 
flow, it was, therefore, decided to use a flat-topped barrier of height 
h/Hv = 0.067. The detailed experimental set up and the dimensions 
have been described in Section (3.2.2). Table (5.2) shows the boundary 
layer parameters, obtained from a single hot-wire data, at various sections. 
Figures (5.8) and (5.9) show the mean velocity and the Reynolds 
stresses at X/Hv = 12 and 15; at X/Hv = 12 the flow is still developing 
but by X/Hv = 15, that is where most of the measurements on the blocks 
were undertaken, an equilibrium state appears to have been reached. 
The mean velocity and longitudinal turbulent intensity profiles measured 
with a single hot-wire and a cross hot-wire were in good agreement. 
Using the Clauser method (1954) as described in Section (2.4.4), 
the mean velocity data at X/Hv = 12 is plotted in Figure (5.10); a 
solid line represents Equation (2.6). A value of 
UT 
= 0.0355 appears 
0 
to be reasonable which gives a value of the turbulent shear stress, 
UT 2 
of 0.00125, compared with the measured value of 0.00126 (Figure UO 
5.9) at the wall. 
Using a single hot-wire, some spanwise velocity and turbulence 
intensity measurements were made at X/Hv = 12 and Z/Hv = 0.2; Figure 
(5.11) presents the results which show a reasonable two-dimensionality 
of the flow. 
In Figure (5.12), 
P° 
----r , is plotted against 
X/Hv indicating Ur. 
the presence of pressure gradient along the flow. 
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5.3 Preliminary Studies of Blocks 
As described in Section (5.1), a series of preliminary studies 
were carried out to form a general idea of the flow patterns with 
rectangular blocks of various proportions in the two boundary layers 
as a basis for planning the final, detailed work to de described in 
the next section. The results of these experiments are described in 
this section. The details of models used in the experiments together 
with the experimental set up have been described in Chapter (3). 
5.3.1 Flow Visualisation 
The experimental arrangements for the flow visualisation experiments 
have been described in Section (3.5.4). Since the flows were highly 
turbulent, the position of the reattachment region on the top fluctuated 
considerably, even for the permanently reattached cases; it was there- 
fore difficult to deduce even a rough measure of reattachment distance 
or to investigate its absence by helium bubble or smoke flow visualisation 
techniques. 
Plate (5.1) shows some examples of the permanently reattached flows 
where some of the bubbles could be seen impinging on the top. It should 
be noted that no repeatable pictures could be taken for identical blocks 
and the photographs of Plate (5.1) have been selected. The photograph 
with a relatively long exposure time serves to show the very curious 
paths of some of the particles. 
The use of sets of tufts on the top did not clearly define the 
reattachment line although they were used to deduce all the information 
about the downstream reattachment region described in Section (5.3.4). 
A useful technique which is often applied to deduce the surface 
flow patterns, is the oil-film; this has the advantage of being affected 
by the average flow characteristics but the disadvantage is that the 
direction of movement of particles is not recognised immediately and 
requires experience to interpret. For the present experiments, with 
the top speed of the wind, a still higher speed was needed to move the 
particles in a consistent manner but this was not available. The 
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effect of gravity introduced another difficulty since the experiments 
were undertaken on the vertical surfaces. Although the reattachment 
region, again, was not clearly defined, the oil-film pattern suggested 
the presence of a clear region on the top and near the front face as 
is seen in Plate (5.2). This will be discussed in detail in Chapter (6). 
The region was unaffected by the presence of a trip-wire on the front 
face near the leading edge. 
5.3.2 Surface Pressure Measurements 
Most of the pressure measurements were made at free-stream speeds 
of about 11 m/s corresponding to the Reynolds number, based on the 
body height and the velocity at that height of about 3.4 x 104 and 
4.0 x 104 for the models in BLR and BLS respectively. 
All surface pressures were measured with respect to the static 
and dynamic pressures in the free-stream at the position of the vorticity 
Ps Fr 
These values were generators, that is in the form of Cp =P Ur 
then corrected to obtain the pressure coefficients based on the local 
free-stream pressures, that is in the form (Cp)c = 
PAS P 
2Puo 
Assuming the total pressure along the flow to be constant, then 
Pr +jp Ur2 = PO +ip U02 
which was confirmed through measurements. 
From the above equations the following correction formula is obtained 
(Cp) _ 
c 
Po Pr 
piP rUrý 
Po - Pr 
ipU r2 
(5.3) 
Figures (5.6) and (5.12) show the variation of 
P° Pr with x 2 Ur 
for BLR and BLS respectively. Using these figures, the surface 
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pressures may be corrected for the local flow properties from Equation (5.3). 
(The term Cp will be applied hereafter as its corrected equivalent. ) 
Figure (5.13) shows the variation with the Reynolds number, 
UH H 
Re =, of surface pressure coefficient at a typical position on v 
the top surface of the two-dimensional body with L/H =2 in BLR. As is 
seen, the pressure coefficient is virtually independent of Reynolds 
number provided Re > 104. 
Figures (5.14) and (5.15) show the spanwise variation of the base 
and the front face pressure coefficients at Z/H = 0.5 for all two- 
dimensional models in BLR, confirming the two-dimensional character 
of the flow. The front face pressure coefficients are seen to be 
nearly constant (%0.2) for various models while the base pressure 
coefficient decreases with decreasing L/H significantly. 
The centre-line variation of surface pressure coefficient for 
various two-dimensional models in both BLR and BLS are plotted in 
Figure (5.16). A number of points can be noticed immediately following 
the discussion of Section (2.3). For L/H =2 and lý in BLR, particu- 
larly the former, there is a strong pressure recovery on the top to 
the base pressure, which suggests the reattachment of the separated 
shear layer on top face. For L/H =2 in BLS, and L/H =1 in BLR, the 
pressure recovery is significantly weaker, which probably shows an 
attempt at reattachment on top face or an intermittent reattachment. 
For all other cases, particularly L/H = 0.5, the pressure is virtually 
constant and close to the base pressure, indicating the absence of 
reattachment on the top face. 
Top and front surface pressures were not measured for the three- 
dimensional bodies but the base pressure measurements were made at 
the mid-height of the rear face at different points across the span 
of the models. More closely spaced tappings were provided near the 
ends to investigate the side effects. Figures (5.17) and (5.18) show 
the results for the models in BLR and BLS respectively. 
In every case, Cpb is a maximum at the centre. As W/H decreases, 
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the base pressure distribution becomes more and more uniform. The same 
trend is expected as W/H tends to infinity, but in the range of the 
present models this is not observed. In every case, the base pressure 
level is significantly higher than that for the equivalent two-dimen- 
sional model. 
The variation of the maximum base pressure with L/H for both two 
and three-dimensional models in BLR and BLS are shown in Figures (5.19) 
and (5.20) respectively. From these figures it may be suggested that 
for two-dimensional models in BLR, the base pressure is roughly constant 
with L/H until reattachment occurs on the top face somewhere in the 
range 1.0 < L/H < 1.5 and thereafter increases steadily as L/H increases. 
This range is in agreement with the predictions from the top surface 
pressure distributions. With the models in BLS, a similar trend is 
observed but the reattachment occurs somewhere in the range 1.5 < L/H < 2.0, 
suggesting that the pressure recovery on the top face for L/H = 2.0 despite 
its weakness, represents reattachment on the top face. 
For three-dimensional models, as mentioned earlier, it is expected 
that the critical value of L/H will decrease with decreasing W/H. The 
suggested trends for both two and three-dimensional models are shown by 
solid lines in Figures (5.19) and (5.20). For the models in BLR, re- 
attachment seems to occur at low values of L/H (%I), the sudden changes 
in Cpb are not, therefore, present, and the data points represent those 
after reattachment on top. For the models in BLS, however, these changes 
are fairly clear, although additional data for both cases would be useful. 
Figure (5.21) shows a rough estimation of the variation of the 
critical L/H with W/H for the models in both BLR and BLS. This figure 
is a more convenient presentation of Figures (5.19) and (5.20). 
5.3.3 Top Surface Reattachment 
The predictions made so far of top surface reattachment have been 
indirectly based on the surface pressure measurements. This is mainly 
because of difficulties arising in direct measurements. However, some 
progress was made in this direction with the aim being to specify more 
accurately the reattachment region on the top face in cases where this 
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occurred, rather than measuring a physical parameter. A twin-tube probe, 
described in Section (3.5.3) was traversed across the top surface for 
this purpose. The reattachment region was considered, approximately, 
to be the region where the pressure difference reached zero. For 
three-dimensional models the probe was also traversed across the span 
to determine the spanwise variation of the reattachment region. The 
probe at all stations was mounted normal to the main flow direction 
that is along the y axis. 
Wool tufts were also used before applying the twin-tube probe, but 
gave only very rough indications of reattachment region. 
For two-dimensional models in BLR, the reattachment occurred at 
Xr/H ~ 1.45 and 1.4 for L/H = 2.0 and 1.5 respectively, where Xr is 
measured from the leading edge (note that for L/H = 1.5, the shear 
layer is only just reattached. ). For L/H = 1.0, however, there was 
no sign of reattachment on top, but a very small pressure difference 
near the rear face suggested an intermittent reattachment which was 
mainly separated in mean. For L/H = 1/2 the flow was fully separated. 
These results are in agreement with the predictions made in the previous 
section. 
For the models in BLS, the twin-tube probe showed regions where 
the pressure differences reached zero even for L/H = 0.5. The results, 
which were not exactly repeatable, were unexpected because the discussion 
in the previous section suggested the opposite behaviour. However, 
the results were discounted for the time being but, as will be explained 
later, a zero pressure difference, or in a general a zero shear stress 
point on top face, does not necessarily represent the position of re- 
attachment of the original separated shear layer. This could be, and 
in some cases was, the position of reattachment of the back flow in 
the recirculating region, separated from the trailing edge of the bodies. 
Hereafter, in this section the results are concerned with the models in 
BLR. 
Figure (5.22) presents the results for three-dimensional models, 
plotted as Xr/H against Y/H for various values of L/H. It is clear 
that the reattachment lines are, in every case, far from straight, and 
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reattachment occurs earlier near the ends. For L/H =2 and lj, with 
various W/H, the reattachment does occur on top as was expected from 
the predictions in the previous section. For the cube also reattach- 
ment occurs, in agreement with the finding of Castro et al (1977). 
For W/H =9 and L/H = 1, reattachment seems to occur on average but 
the measurements were not very repeatable in this case, so that the 
critical W/H is possibly around 9. As W/H decreases with L/H = 1, 
a more steady reattachment was evident but for all W/H values, except 
the cube, the reattachment was thought to be intermittent. 
Figure (5.23) shows the centre-line variation of top surface 
reattachment location, Xr/H, with W/H for various L/H values. For a 
fixed L/H, as W/H increases, Xr/H also increases. For L/H =2 and 
li, Xr/H eventually reaches to constant values for two-dimensional 
models as expected. For L/H = 1, the flow is mainly separated for 
W/H >_ 10 (but not clearly defined) with no reattachment on the top 
face. 
5.3.4 Downstream Recirculating Region 
The downstream reattachment region was obtained using wool tufts. 
A violent motion of the tufts appeared in the reattachment zone. A 
small 'thermal tuft' probe was also employed in some cases which con- 
firmed that the measurements by flow visualisation method were 
reasonably accurate. 
For the models in BLR, the spanwise variation of the reattachment 
region was also investigated while for those in BLS the reattachment 
was measured only on the centre-line of each body. 
Figure (5.24) presents the results for the three-dimensional 
models in BLR where RL is the distance to reattachment measured from 
the front face. In every case, the reattachment occurs earlier near 
the ends but for a cube this appears to be a straight line within the 
width of the cube. 
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The centre-line variation of RL/H with W/H for all two and three- 
dimensional models in BLR is plotted in Figure (5.25) on a semi-loga- 
rithmic form where RL, in this case, is measured from the rear face of 
the body. The solid line represents the empirical expression 
RL/H _ 
1.75 (W/H) 
1+0.25 (W/H) 
suggested by Hosker (1982). This equation is only valid when the 
reattachment on the top face is present as is the case for most of 
the present bodies. Except in the case where the shear layer did not 
reattach (L/H =1, i, W/H = co) and the uncertain case of L/H = 1, W/H = 9, 
all the present data lies below the suggested line. Considering that 
this equation is based on the experimental data for near-uniform upstream 
flow with low turbulence levels, the difference is then the result of 
a much higher level of upstream turbulence in the present experiments. 
Also included in Figure (5.25) is the suggested equation of 
1.8 (W/H) 
RL 
(L/H)°'3 (1.0 + 0.24 W/H) 
by Fackrell et al (1981), for various L/H values. This equation is 
more appropriate because it is intended to apply in turbulent boundary 
layer flows. 
Figure (5.26) shows the centre-line variation of RL/H with W/H 
for the models in both BLR and BLS as measured from the front face. 
The figure demonstrates that the smoother upstream boundary layer leads 
to considerably longer recirculating regions, particularly for W/H 
values large enough to prevent steady top face reattachment. 
5.3.5 Summary 
Following the flow visualisation experiments, it was realised that 
quantitative deductions about the nature of flow could not be made at 
that stage. The reattachment lines on the top surfaces were directly 
investigated with the use of a twin-tube probe which was initially 
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available; with the detailed surface pattern still being unknown, the 
instrument, in the early stages, gave a definite, although approximate, 
indication of the position of the reattachment line. The results have 
been supplemented with those estimated from the pressure measurements; 
the critical dimensions to allow the reattachment to occur on top were 
deduced for the blocks in both the boundary layers. 
In all, the preliminary studies, in conjunction with the obser- 
vation of earlier workers, had defined more clearly the problem under 
investigation and it was in the light of them that the further detailed 
work, described in the next section, was planned. 
5.4 Measurements of Surface Shear Patterns 
In the prelimninary experiments, described in the previous sections, 
the flow visualisation techniques did not give a great deal of useful 
information about the flow behaviour and most of the conclusions were 
made from the quantitative measurements. In the use of a twin-tube 
probe, three-dimensionality of the limiting streamlines, of admitted 
importance, was neglected; the probe, then, was always mounted spanwise 
on the top surfaces of the models. The disturbance of the flow because 
of its presence on top was also ignored. It was deduced then that ex- 
tensive tests involving the effects of the probe direction with this 
instrument would be unprofitable and that it would be more valuable to 
develop other techniques. The immediate intention had been to deter- 
mine the reattachment line, if there was any, rather than to obtain any 
distribution of a parameter, say, the surface shear stress. This was 
because the probe could not be calibrated and its pressure differential 
did not represent any physically meaningful parameters, except at re- 
attachment where it fell to zero. 
The assumption of zero shear stress at reattachment and separation 
lines is true for two-dimensional flows but certainly not in general 
for three-dimensional cases. As is well known, in three-dimensional 
flow reattachment and separation interaction of vortices of various 
strength, arising from various sources, leads to an equilibrium state 
of the mean shear stress on the surface; consequently a limited number 
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of zero mean shear stress points are formed as well as reattachment and 
separation lines on which the shear stresses are in general non-zero 
(critical points and lines). With the instruments and techniques used 
up to this point, these critical points are not identified. It was, 
therefore, realised that if a complete pattern of shear stress and its 
magnitude on the surface was intended, rather more sophisticated instru- 
ments would be required. 
Considering the available techniques (Section 2.4) and the complex 
flow condition under investigation, an appropriate instrument, a pulsed 
wall probe, was developed, which successfully measured the mean, and 
intensity of the fluctuating shear stress as described in Chapter (4). 
The probe, it was hoped, would be applicable in three-dimensional flow 
cases. The only other available instrument, that is the surface fence, 
validated its suitability. 
With the probe developed, therefore, some appropriate models would 
be required for detailed shear stress experiments. The separated shear 
layer from the top may have one of the following possible features: 
(1) It may permanently reattach on to the top surface; 
(2) It may intermittently reattach on to the top surface; and 
(3) It may reattach on the ground surface downstream of the body with 
no reattachment on the top, forming a fully separated flow case. 
The problem was, then, to select the models, using the results of 
the preliminary experiments, each of which to be involved with one of 
the three general cases. The particular aim was to investigate the 
three-dimensional models; the two-dimensional cases were not further 
investigated in the present project. 
As the results suggested, for all the three-dimensional models 
in BLR, the shear layer reattached on the top surface either perma- 
nently or intermittently. However, for L/H =1 and W/H = 9, the 
results were not closely repeatable as mentioned before. For L/H =1 
and 2, with various W/H, the reattachment was permanent and so was 
that for the cube. 
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It can be seen that the model with W/H =9 and L/H =1 seems to be 
a reasonable representation of the intermittently reattached case (see 
Figures 5.21 and 5.23). For L/H = 1.5 and all W/H, as mentioned, re- 
attachment is permanent but appears close to the rear face. This might 
cause the flow occasionally to penetrate from the downstream recirculating 
region to the top. The definite permanently reattached cases are those 
with L/H =2 and various W/H. The model with W/H =9 and L/H =2 was 
selected primarily because of its easier construction since it could 
be made by combining the previous model with a similar one without seg- 
mental blocks (see Section 3.4.3). Its large size had also the advantage 
that it allowed closely spaced measurements to be made; the end effects 
could also be recognised clearly. 
For none of the cases in BLR was the flow fully separated. Although 
no direct measurements of reattachment were made for the models in BLS, 
nevertheless, according to Figure (5.21), it is not unreasonable to 
expect a fully separated flow over the model with L/H =1 and W/H =9 in 
BLS. The centre-line variation of the shear stress for this case, as 
will be shown later, confirmed this expected feature. 
The details of models have been described in Section (3.4.3) while 
Chapter (4) presented the experimental arrangements and techniques for the 
shear stress measurements using the pulsed-wall probe. Other instruments 
used were also described in Chapter (3). 
Some of the graphics were obtained using the GINO facilities 
available in the University of Surrey. This is a graphics package which 
is produced by the Computer Aided Design (CAD) Centre at Cambridge and 
is a library of subroutines written in standard FORTRAN. The detailed 
description of the available routines has been presented in the GINO 
Users Manuals. 
The 4010 Tektronix may be readily used to test the value of the 
graphics before the final display by the Calcomp plotter. The latter 
is a Calcomp model 1051 four-pen drum plotter connected to the PRIME 
computer system via a Calcomp 906 controller. It has a resolution of 
0.025 mm and plots diagonally at 36 cm/sec, axially at 24.5 cm/sec. 
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The three-dimensional pictures and the contour maps, to be presented 
in this section, were plotted using the GINOSURF subroutines. With the 
use of the appropriate routines, a regular grid of points is formed from 
a set of random data points using the Falconer's technique for the 
interpolation purpose (see GINOSURF manual for details). If a surface 
is defined by an array of heights at the nodes of the regular rectangular 
grid of points, an isometric projection and a contour map of the surface 
over the whole region may then be drawn by the appropriate call routines. 
Finally, it should be noted that in the present section and through- 
out Chapter (6), the three flows under investigation are designated as 
case 1, case 2 and case 3 corresponding to the model with L/H =2 in BLR, 
L/H =1 in BLR and L/H =1 in BLS respectively (W/H =9 for all cases). 
5.4.1 Shear Stress Measurements 
In an ideal situation, the measured velocity with an unrotated 
probe, (U)a_o , is Uh cos e (Figure 5.27a), where Uh is the velocity 
at the height of the wires in the direction of the mean velocity at 
that height and 0 is the angle between this direction and the X axis. 
Now, if the probe is rotated, as is illustrated in Figure (5.27b), 
the measured velocity, (U)a , will be Uh cos (0 + a), where a is the 
angle of rotation as defined in the figure. It may, therefore, be 
deduced that (U)a = const. x cos (0 + a) at each particular station. 
With the wall shear stress assumed to be linearly related to the measured 
velocity, a similar form is expected for the measured shear stresses at 
different probe angles, that is (Cf)a = const. x cos (e + a). 
(5.4) 
As described in Section (4.5.6), for the pulsed-wall probe a good 
cosine-law yaw response was obtained in the laminar flow (see Figure 
4.21). To investigate this in turbulent flow, the probe was placed at 
X/H = 0.5 and a distance of 3.5 mm from the top end of the top surface 
of the model with L/H =1 and W/H =3 in BLR and Cf values were measured 
at various probe angles. Figure (5.28) presents the results; the solid 
line represents the cosine-law of the form of Equation (5.4) using a 
peak value equal to the average peak values of the experimental data and 
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choosing a value for a to give the best fit through the points. As may 
be seen the cosine-law fits most of the data reasonably well and the 
scatter seems to be the result of unequal values of the peaks. It should 
be noted that for most of the experiments the results gave an even better 
fit and Figure (5.28) presents a typical case. 
It was initially expected that the local mean flow direction could 
be worked out using the cosine-law, if the measurements were made at only 
two probe orientations. However, the results showed that the angles J 
evaluated from various pairs of measurements were not consistent. A more 
convenient alternative was to increase the number of the probe orientations. 
For the present experiments, 5-7 probe angles were used and the best 
cosine-law was fitted through the data by varying the phase and amplitude. 
The results obtained in this way were reasonably accurate except in the 
regions where the shear stress magnitudes were very small. 
The probe was traversed on the top surface of each model; at each 
station the measurements were made at various probe angles using 10,000 
samples for each angle which, according to the experiments in Chapter (4), 
was a large enough sample to yield repeatable readings. 
All the experiments were undertaken on the upper half of the models 
and the graphs presented hereafter represent those for this half. How- 
ever, a few measurements were made on the lower half to ensure that the 
flows were indeed symmetric. This was further confirmed by the measure- 
ments on the centre-line of each model where the shear stress directions 
were found to lie very closely along the X-axis. 
The computer plots in Figure (5.29) present the experimental results 
for the three cases where each vector corresponds to the mean shear 
stress at the position on its centre and the length of each arrow is 
proportional to the magnitude of the corresponding shear stress. As is 
seen, most of the measurements have been concentrated in the regions near 
the sides where the effects of the three-dimensionality of the flow were 
expected to be more pronounced than elsewhere. However, the regions of 
interest were recognised more clearly while the experiments were being 
undertaken. Even closer measurements were made near the corners where 
most of the critical points, unexpectedly, occurred, as will be explained 
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in the next chapter. 
To obtain the shear stress vector plots over the whole surface, 
for each case, the x and y components of the mean shear stresses, Cfu 
and Cfv respectively, at various Y/H, were interpolated by hand in 
the X-direction. The interpolated data were fed into the computer 
and were again interpolated linearly in the y-direction. The Cf and 6 
values were then evaluated from the interpolated values of Cfu and Cfv 
and were used to obtain the computer plots of the shear stress patterns 
of Figure (5.30). 
For each case, the absolute values of Cf, interpolated in the 
manner described above, were also used as the set of random data points 
to produce the three-dimensional plot of the magnitudes of shear stresses 
presented in Figure (5.31). In Figure (5.32), the plots are shown to 
an expanded scale for regions near the sides. Plots of the same region 
from a different direction are presented in Figure (5.33). Using the 
data points described above, the shear stress magnitudes, over the whole 
surface for each case, are contour plotted as is shown in Figure (5.34). 
The centre-line variation of the measured shear stress for the 
three cases are shown in Figure (5.35) and Figure (5.36) presents the 
spanwise variation of shear stress at typical X values, for each case 
separately. 
Similar profiles for the intensity of the fluctuating shear stress 
are shown in Figures (5.37), (5.38) and (5.39). In Figure (5.37) the 
intensities on the centre-line are normalised by the free-stream dynamic 
pressure at the position of the vorticity generators (C' f 
T IW2 
= -PU ) 
while Figure (5.38) presents those normalised by the local mean shear 
V2 
stress values 
Cf=fW Figure (5.39) shows the spanwise 
Cf - 
distribution of C' at typical X values. f 
In addition to Cf and C'f , for each case, some probability 
density 
distributions of the fluctuating shear stress were also measured at a 
number of positions. The probe, at each point, was rotated in such a 
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manner that the measured values represented those in the direction of 
the local mean shear stress (the directions were known from the shear 
stress measurements as described before). For each point; 200,000 
samples were measured and the data for all the points were recorded 
on the floppy discs. These were later analysed by Castro and Figure 
(5.40) presents typical distributions for the three cases where P (T1) 
is plotted against 
(Tw - Tw) 
 T' 2 
w 
5.4.2 Measurements Behind the Blocks 
It was desirable to provide data concerning the mean velocity 
and turbulence intensity profiles behind the models for the further 
investigation of the top shear layer behaviour. Initially a single 
hot-wire anemometer was traversed in the Z-direction at various stream- 
wise stations over and behind the model, with L/H =1 and W/H =9 in BLR 
with the intention of specifying the shear layer position and its 
streamwise variation. The measured value of turbulence intensity,  U7, 
reached a value as high as approximately 0.65 of the local mean 
velocity. The intensities were in general too high to apply any 
correction method on the readings and were, therefore, ignored but 
for the purpose of comparison with the results of the pulsed-wire 
anemometer to be described in this section, the longitudinal mean 
velocity and turbulence intensity profiles at a typical streamwise 
position on the centre-line are shown in Figure (5.41b). 
The pulsed-wire anemometer affords an alternative method which 
avoids the difficulties arising from the effects of high levels of 
turbulence. With this probe the measurements for each case were made 
at only one streamwise position downstream of the model (0.5 H distance 
from the rear face), but at various spanwise positions. The profiles 
of the longitudinal mean velocity and turbulence intensity, for the 
three cases, are shown in Figure (5.41). 
For each spanwise position, the probability density distributions 
of the longitudinal fluctuating velocities were also measured at the 
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vertical positions where ý2 values were approximately 0.3 and 1.0. 
For each position 100,000 samples were taken and similar to the 
shear stress measurements, the data were recorded and anal-ysed later. 
Figure (5.42) presents typical results where P(UI) is plotted against 
u-U 
ý ""T . 
5.4.3 Top Surface Pressure Measurements 
The square section block made of perspex, mentioned in Section 
(3.4.3) was traversed for each case to various positions within the 
main block and top surface pressures were measured. The results were 
then corrected in a manner described in Section (5.3.2) to obtain the 
pressure coefficients normalised by the local free-stream flow conditions. 
The measurements were concentrated mainly in the regions near the sides, 
as they were in the shear stress measurements. The number of points 
at which the pressures were measured were approximately 260,180 and 
140 for cases 1,2 and 3 respectively. The experimental data were 
interpolated in a way similar to that for either Cfu or Cfv, described 
in Section (5.4.1), and these were used to obtain the computer plots 
of Figures (5.4 3) and (5.4 4) for the three-dimensional pictures and 
the contour maps of pressures respectively. 
Figure (5.45) shows the centre-line variation of the measured 
pressure coefficients for all the cases, together with further in- 
formation which will be described in the next chapter. The spanwise 
distributions of Cp at typical X values are plotted in Figure (5.46) 
for each case separately. 
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CHAPTER 6 
DISCUSSION 
6.1 Surface Shear Stress and Pressures 
6.1.1 Mean Quantities 
6.1.1.1 Distributions 
In the course of a considerable number of experiments, it was 
shown that the dependence on Reynolds number of the surface pressure 
coefficients was, in general, insignificant provided Re >2x 104, 
where Re = 
U0 H. 
Figure (5.13) presents a typical example. Since 
in the present work all the pressures were measured at a Reynolds number 
of about 4.5 x 104, therefore, its effects upon the experiments can be 
safely considered to be negligible. 
However, the shear stress data did show some Reynolds number 
dependence for Re <4x 104 as may be seen in Figure (4.12). The 
results in Figure (4.11) show that for the test model in BLR, the 
effect of Re on the positions of the zero and the peak shear stress 
is negligible. On the other hand, the results for the model in the 
thin boundary layer (results not presented) showed that within 1.5 x 104< 
Re < 4.2 x 104, the position of the zero shear stress near the front 
face on the top varied with the Reynolds number, moving forward with 
decreasing Re. As will be shown later, this point is where the 
reverse flow on the top re-separates; one might, therefore, reason 
that an increase in Re will cause an increase in a typical Reynolds 
number of the reverse flow leading to a delay in separation. The 
above argument might be true if the general flow features are assumed 
to remain unchanged with the variation in Re, in that the boundary 
layer characteristics remain unchanged. This is not an unreasonable 
assumption for the flow around sharp edged obstacles where the 
original separation point is fixed. It is interesting to note that 
Castro et al (1977) have shown that for a cube in uniform upstream 
flow, the flow was dependent on Re for Re 3x 104 which was explained 
as being caused by the variation with Re of the transition point on 
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the shear layer. 
As far as the dependency on Re of the shear stress magnitudes is 
concerned, this may be caused by the use of an inappropriate velocity 
scale in the normalising factor. A more convenient velocity scale 
could be that in the reverse flow region at a position where it takes, 
say, its maximum value. This particular information was not available 
in the present experiments but instead the maximum value of the friction 
velocity, UTmax, could be measured. In Figure (6.1) the experimental 
points of Figure (4.11), for the test model in BLR, are reproduced in 
terms of 
Cf. 
The collapse of data is good, which suggests a similar finax 
flow structure independent of Reynolds number. 
In any case, all the detailed shear stress measurements, described 
in Section (5.4) were made at a Reynolds number of about 4.5 x 104; 
there should, therefore, be no effects due to variations in its value. 
The top surface shear stress distributions for all the three cases 
are shown in Figures (5.29) to (5.36). The corresponding top surface 
pressure distributions are presented in Figures (5.43) to (5.46). For 
case 1, the reattachment zone can be seen clearly in Figure (5.30a); 
the shear stress after reattachment increases steadily but in the reverse 
flow direction, ICfj rises to a maximum at X/H = 0.64 on the centre-line 
before falling again, as may be seen in Figure (5.35). For this reattached 
flow case a strong pressure recovery on the top face is anticipated and 
Figures (5.43a) and (5.45) confirm the expected trend; a very high 
negative pressure near the leading edge recovers as the trailing edge 
is approached. 
The pressure distribution in Figure (5.45) shows considerably higher 
values for case 1 than those for the equivalent two-dimensional case 
while having a fairly similar shape; the difference is roughly equal to 
the difference in base pressures which are also shown in Figure (5.45). 
The similarity of profiles suggests that the difference is largely due 
to the effects of the three-dimensionality of the models and the con- 
tribution from the earlier reattachment for the three-dimensional model 
is only slight because the flow structure remains reattached for both 
cases. 
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For case 2, as is seen in Figure (5.30b), the results also indicate 
a reattachment region. The general flow behaviour is then similar to 
case 1 and the maximum ICfI on the centre-line appears at X/H = 0.57 
(see Figure 5.35). The corresponding pressure distribution in Figures 
(5.43b) and (5.45) show a relatively weaker pressure recovery as would 
be expected. Again, the pressure level is higher than that for the 
equivalent two-dimensional case (see Figure 5.45), but there is also a 
slight increase in pressure gradient associated with an intermittent 
reattachment of the shear layer on the top face. The gradient is expected 
to increase further with decrease in W/H, that is the flow with more 
steady reattachment (see Figure 5.21), approaching that for the test model 
which is also shown in Figure (5.45), where the condition should be con- 
sidered as the reattached flow case; as can be seen in Figure (4.11), for 
the test model in BLR, the reattachment occurs at X/H = 0.88 with the 
maximum ICfj at X/H = 0.44. 
For case 3, which is expected to have a fully separated shear layer, 
the vector plot of shear stress in Figure (5.30c) shows a reattachment 
region, but as will be described in the next section, unlike cases 1 and 
2, the corresponding shear layer originates from the wake flow downstream 
of the model. After this point and along both directions on the centre- 
line, ICfj rises to its maximum value at X/H = 0.62 and 0.89 and decreases 
thereafter as is seen in Figure (5.35). It is noted that for case 3, in 
a manner similar to the two other cases, the pressure level is higher 
than that for the equivalent two-dimensional case (Figure 5.45), but the 
difference is significantly smaller than the difference in the corres- 
ponding base pressure values. The shear stress profile for this case 
is, in form, similar to that for the test model in the thin boundary 
layer (see Figure 4.10); the corresponding reattachment point was 
measured at X/H = 0.66. 
As is shown in Figure (5.35), there is no clear trend for the 
variation of the maximum ! CfI values on the centre-line of the models. 
For case 2, this has a relatively lower value (Cf - 0.0018); but with 
L/H =1 in BLR, as W/H decreases, in association with a more steady 
reattachment, the maximum JCfj increases approaching that for case 1, 
(Cf = 0.0024), for the near cube case where the flow is reattached 
(see Figure 4.11). Measurements which are not presented showed slightly 
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higher values of {Cf{, for L/H =1 and W/H =3 in BLR than those for 
case 2. 
The present experiments include no separated flow case for the 
models in BLR the results of which might be compared with those of 
cases 1 and 2, but case 3, that is separated flow in BLS, is associated 
with the largest maximum ! Cf) of around 0.0027 on the centre-line. 
It should be noted that, although the measured shear stresses and 
pressures were normalised by the free-stream dynamic pressures which 
were comparable in value for the two boundary layers, any comparison 
between the measurements for case 3 with those for the two other cases 
must be made with caution, because the incident flow characteristics 
were entirely different in this case. 
However, what is interesting is that, apart from the test model 
in the thin boundary layer, for all the cases, despite the very different 
mean flow behaviour, the maximum JCfJ values are of the same order on 
the centre-line, even though the pressure gradients are entirely 
different. 
From Figures (5.31) and (5.32) and the spanwise distributions of 
JCfI at various X values in Figure (5.36), it is clear that the change 
in ICfl, for cases 1 and 2, and particularly the former, occurs more 
rapidly near the sides, whereas for case 3 the variation is fairly 
steady. Similar behaviour may be noticed in the pressure distributions 
in Figure (5.46). The results, in general, show that for the reattached 
flow cases, the side effects become dominant at a distance of about H 
from the sides. 
For cases 1 and 2, where reattachment occurs on the top face, the 
maximum JCfj of about 0.004 and 0.002, respectively, appears at the 
downstream corners because the flow has a larger distance to grow after 
reattachment. For case 3, with fully separated flow, a maximum JCfI of 
about 0.0028 appears at X/H - 0.75 and Y/H ±2.5. 
As may be seen from Figures (5.29) to (5.33), in case 1, the flow 
is associated with localised shear stresses as high as 0.0035 approxi- 
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mately, near the upstream corners where, as will be seen later, some 
interesting flow features were found; cases 2 and 3, on the other hand, 
show no such a feature. For case 1, in this region, the flow is 
associated with a very low pressure of Cp = -0.7 (Figure 5.43) compared 
with about -0.55 on the centre-line and near the leading edge (Figure 
5.45). 
6.1.1.2 Critical Lines 
The flow behaviour near the separation or reattachment lines can 
be described by the concept of limiting streamlines which are defined 
as the streamlines at an infinitesimal distance from the surface. 
Further, these streamlines which represent the pattern of mean velocity 
vector just above the surface, may be more conveniently described in 
terms of the surface shear stress vectors (Lighthill, 1963). With 
this approximation, it may be said that all the shear stress lines 
converge asymptotically towards a separation line and diverge from 
an attachment line; therefore, the component of shear stress along a 
critical line is, in general, non-zero for three-dimensional flow but 
the normal component changes sign on a critical line. 
With the help of the shear stress vector plots in Figure (5.30) 
and their magnitudes together with further information about the 
surface flow to be described in Section (6.1.1.4), the critical lines 
for all the three cases were estimated, which are shown in Figure (6.2). 
On the centre-line, for case 1, the shear layer reattaches at 
X/H = 1.50 (Figure 5.35); the reattachment line emenating from this 
point is bent steadily towards the leading edge with increase in IYI/H, 
but near the sides the line turns sharply towards the upstream corners. 
In case 2, reattachment occurs at X/H = 0.94 on the centre-line 
(Figure 5.35), very close to the trailing edge indeed, so that an 
intermittent reattachment is to be expected. The reattachment line 
remains nearly parallel to the leading edge away from the centre-line, 
but a sharp variation takes place near the sides in a manner similar 
to case 1. 
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The spanwise pressure and shear stress distributions for cases 1 
and 2, described in the previous section, also exhibited a sudden variation 
near the sides, where the flow structure is largely influenced by the 
sides. 
For case 3, which has been described as having a fully separated 
shear layer, there is evidence of a reattachment region. A zero shear 
stress point on the centre-line occurs at X/H = 0.82 (see Figure 5.35), 
but, in contrast to cases 1 and 2, the corresponding reattachment line 
turns away from the leading edge as JYJ/H increases (Figure 6.2). The 
condition may then be similar to cases 1 and 2 if the trailing edge is 
considered as the position where the shear layer separates. The shear 
stress profile between X/H = 0.82 and the trailing edge (Figure 5.35), 
has also a form similar to that expected for a recirculating region. 
It seems, therefore, reasonable to imagine a small recirculating region 
bounded by the shear layer originated from the downstream recirculating 
region and separated from the trailing edge. 
The top surface pressure distribution further provides a strong 
support for this contention; the pressures in Figure (5.43c) show a 
roughly uniform distribution (note the scale), which is usually expected 
for a separated flow case. Moreover, a sharp decrease in Cp near the 
trailing edge in Figure (5.45), suggests a separating flow rather like 
that occurring at the edge where a shear layer separates. A similar 
form of pressure distribution near the trailing edge for the separated 
flows has been reported by some workers (e. g. Yu, 1974) and the present 
results provide direct evidence for this behaviour. 
It should be noted that the absence of the points with zero values 
of Cf in Figure (5.31b&c) is due to the fact that the interpolation 
process by the computer for the generation of the regular arid of points 
was made on the absolute values of Cf which were used as data to deduce 
the plots. 
In the shear stress profiles on the test model in both the thick 
and the thin boundary layers (Figures 4.11 and 4.10), for each case, in 
addition to the reattachment point, there is also a zero shear stress 
point (saddle separation as will be explained later) near the leading 
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edge which occurs at X/H = 0.12 and 0.25 respectively. This was not the 
effect of the presence of the probe on the surface; in the experiments 
on the test model in BLR while equipped with surface fences as described 
in Section (4.4.3), the fence of height 0.53 mm exhibited this point 
clearly at X/H ~ 0.06 whereas the fence of height 1 mm disturbed the 
flow in that region and was unable to give any indication (see Figure 
4.9). 
The centre-line shear stress profiles in Figure (5.35) show similar 
points at X/H = 0.08 for case 1 and at X/H - 0.12 for cases 2 and 3. As 
may be seen in Figure (6.2), the corresponding separation line, in each 
case, starts from this saddle separation point and runs across the span 
close to the leading edge remaining nearly parallel to that edge. This 
line may be seen in the surface oil-film experiments in Plate (5.2). 
Some surface oil-flow visualisation experiments by Yu (1974) also show 
a thin line of oil accumulating near the front edge of the top surface 
of a cube in uniform upstream flow. He described this as being the 
effect of a sudden slowing down of the reverse flow velocities through 
transition from laminar to turbulent of the separated shear layer. 
However, in the present experiments, this region existed even when 
a trip-wire was present on the front face, that is when the shear layer 
was expected to be turbulent immediately after separation. (It should 
be noted that, although no measurements of shear stresses were made for 
two-dimensional models, the surface oil-film experiments showed that 
this region also existed in those cases. ) 
While the present experiments are limited to surface mounted 
obstacles, the effect under discussion should, nevertheless, be found 
more widely. For example, Mulhearn (1973), in his flow visualisation 
experiments on a two-dimensional square section rectangular block in 
both a smooth and a turbulent uniform upstream flow, noticed the 
presence of this 'secondary separation' line . The position of this 
line remained unchanged for both flow regimes but a more steady re- 
attachment on the side face coincided with a nearer distance of the 
line from the leading corner. 
Lee (1975), investigating the effects of upstream turbulence level on 
the pressure field around a two-dimensional square cylinder in uniform 
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flows, showed the presence of two distinct peaks in the pattern of 
r. m. s. variation of pressures, Cp, on the side face, for almost all 
flow regimes. These occurred at about 1H and 3H from the leading 
corner. This, it was suggested, was caused by the movement of the 
points of separation and reattachment of a separation bubble on the 
side face. 
For the cases of the present work, then, it is not unreasonable 
to expect similar fluctuating pressure pattern on the top face but 
these were not measured and the matter is left until further data 
become available. 
From the above discussion, it is deduced, therefore, that the 
reverse flow in the top recirculating region re-separates from the 
surface well before the leading edge, but the manner in which the 
separation line is linked with the original upstream flow, forms a 
subject for the discussion presentedinthe following section; this, as 
will be seen, will suggest the possibility of the existence of further 
critical lines. 
The distribution of shear stress and pressure along the critical 
lines, presented in Figure (6.3), will be discussed in detail in 
Section (6.1.1.4). 
6.1.1.3 Suggested Flow Behaviour Near the Leading Edge 
Let us, for simplicity, consider the flow behaviour on the centre- 
line. What is certain from the shear stress measurements is that the 
flow near the surface just upstream of the secondary separation point 
is forward-going (Cf > 0) for all the cases. This raises questions 
concerning the origin of the flow in this region. In the present 
experiments, the resolution was not sufficient to indicate details of 
the flow much nearer to the leading edge. According to almost all 
previous work, it is an accepted fact that the original shear layer, for 
the sharp edged bodies, separates from the sharp leading edge; there- 
fore, there must be at least one further reattachment point before the 
measured separation point. 
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It is suggested then that there is a mean streamline originating upstream 
which reattaches on the top surface at the 'primary attachment' point, 
very close to the leading edge. The downstream branch re-separates from 
the surface at the 'secondary separation' point, where the reverse flow 
on the top also separates at that point, and is fed into the recirculating 
region. The suggested behaviour is shown in Figure (6.4c) and is similar 
for both the reattached and the separated flow cases. In any case, there 
will be another mean streamline (dividing streamline), again originating 
upstream, which will characterise the flow as having either a reattached 
or a separated shear layer as shown in Figure (6.4a&b). 
It should be noted that there could be very many reattachment plus 
re-separation sequences between the leading edge and the measured separa- 
tion point in Figure (6.4c), but even for the test model in the thin 
boundary layer, where this region was relatively wide (see Figure 4.10), 
no such critical points were measured and Cf was always positive in this 
region. Indeed, the'primary attachment' point must lie very close to 
the leading edge because even the extrapolation of the experimental 
results gave no evidence for its existence. 
Now, with this general behaviour, similar critical points are also 
expected near the trailing edge of a fully separated flow because, 
according to the discussion in the previous section, for this particular 
case, as well as the original shear layer, there is also a separated 
shear layer from the trailing edge. These points were not, however, 
measurable in the present experiments but the extrapolation of the 
shear stress data for case 3 suggests a separation point at X/H = 0.96 
(Figure 5.35); the test model in the thin boundary layer has an equi- 
valent point at X/H - 0.95 (Figure 4.10). The 
'end region' flow for case 
3 (X/H ' 0.82) is believed, therefore, to be qualitatively a mirror 
image, though on a much reduced scale, of that for, say, 0 <_ X/L <_ 0.75 
in case 1 and for X/H >_ 0.96 the flow may also be similar to that for 
X/H <_ 0.08. This is shown schematically in Figure (6.4c). 
It should be noted that each zero shear stress point on the centre 
line will inevitably be associated with the corresponding critical line: 
therefore, for cases 1 and 2, at least one further reattachment plus one 
further separation line are expected while for case 3, in addition, 
there will be one extra reattachment and one extra separation line near 
the trailing edge. 
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6.1.1.4 Singular Points and Surface Flow Patterns 
In three-dimensional flow, in addition to the critical lines, there 
may exist some points on a surface at which both components of the shear 
stress vanish; these are known as singular (critical) points. For 
example, Lighthill (1963), Hunt et al (1978) and Tobak and Peake (1982) 
give an extensive description of the topology of three-dimensional flows. 
The type of each singular point is determined from the form of the 
shear stress lines in its vicinity and may be categorised as saddle and 
nodal points each of which may be a separation or an attachment point. 
Throughout the present work the classifications were made according to 
the terminology used by Hunt et al (1978) which is summarised in Figure 
(6.5). 
In the present experiments, the singular points cannot clearly be 
identified from the vector plots of Figure (5.30). Profiles, similar 
to those in Figure (5.35) were, therefore, obtained for the x and y 
components of shear stresses, Cfu and Cfv respectively, over the whole 
span of each body and these were used to deduce the lines along which 
Cfu and Cfv were zero. Figure (6.6) presents the results for cases 1 
and 2. Note that for all cases, on the centre-line the points at which 
Cfu is zero, correspond to singular points because Cfv is zero by 
symmetry and the measurements also confirmed this. It should also be 
mentioned that for case 3, with full separation, away from the centre- 
line, Cfv was nowhere zero and thus no singular point was measured. 
If any did exist, it lay within a region so close to the edges that the 
probe gave no indication. 
In Figure (6.6), intersections of the lines of Cfu =0 and Cfv =0 
correspond to locations of further singular points. The surface flow 
patterns constructed using these points together with the plots of 
the direction of the shear stress vector in Figure (5.30) are presented 
in Figure (6.2) for the three cases. The type of each singular point 
is indicated in the figure where S and N correspond to saddle and 
nodal points respectively. The subscripts s and a correspond to 
separation and attachment points respectively. 
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For cases 1 and 2, the secondary separation line starts at the 
saddle separation point on the centre-line and ends at the nodal sepa- 
ration points near the upstream corners. In case 3, the separation 
line starts similarly but the latter nodal points do not exist and the 
streamline simply runs off the ends. The reattachment line in all the 
cases starts at the nodal attachment point on the centre-line; again 
for case 3 the line runs off at the ends but for case 2, with flow just 
reattached, the streamline ends at the saddle separation points near 
the corners. In case 1, with a reattached flow, the latter separation 
points appear much earlier on the reattachment line but two further nodal 
attachment points are created near the upstream corners. The high local- 
ised shear stresses near the upstream corners of case 1 (see Section 
6.1.1.1) occur between the nodal points in this region while at those 
points the shear stress is zero of course. 
Hunt et al (1978) applied kinematical principles and theorems to 
their extensive flow visualisation experiments. This enabled them to 
estimate the positions of critical points. The overall flow patterns 
around obstacles of various shapes including surface mounted rectangular 
blocks were then deduced with some measure of confidence. The note- 
worthy feature of their results is that, in order for a flow to be 
kinematically possible, some topological constraints for the singular 
points must be met; for the singular points on a surface the number 
of saddles, Es, is related to the number of nodes, EN. Since in the 
present experiments the type of singular points have already been 
characterised, therefore, the results may readily be checked. An 
important application of their work is that if the shear stress lines 
on a closed loop (L), on a surface are known, then (EN - Es) within 
(L) can be determined but theremust be no singular point on the loop 
itself. The relation is 
E 
(L) 
- 
(L) 
- 
oe(L) 
(6.1) 
Ns 2Tr 
where o6(L) is the change in the angle of the shear stress vector 
round loop (L). 
Let (L) be a rectangular boundary on the top surface, close to 
the body edges, along which the shear stress vector is determined. By 
inspection of the shear stress lines on (L) in Figure (6.2), AO(L) is 4-, 
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0 and 0, corresponding to LN(E) - Es(L) = 2,0 and 0 for cases 1,2 
and 3 respectively and Equation (6.1) is satisfied for all the cases. 
Now, in case 1, for example, if the spanwise limits of (L) are 
taken as somewhere between the saddle points at (X/H , Y/H) (1.2, 
± 3.2) 
and the nodal points at the corners, parallel to the side edges, then by 
inspection, DO (L) =- 47 , which implies EN(L) -Es 
(L) 
= -2, which is true 
from Figure (6.2a). 
It is difficult, in general, to test the possibility of the behaviour 
sketched in Figure (6.4c) (see the previous section). Consider case 1 
for example; the suggested behaviour implies an additional nodal point 
on the centre-line between the saddle of separation and the leading edge 
but this may not be the only extra critical point and the corresponding 
attachment line may end at further critical points near the corners. 
Indeed, the extrapolation of the lines of Cfu =0 and Cfv =0 in Figure 
(6.6a) could suggest at least two more critical points near the upstream 
corners. With the nature of further critical points being unknown, 
therefore, it is not possible to specify the shear stress lines in their 
vicinity. The present observations leave the matter uncertain; further 
investigation would be required to resolve the issue. 
The critical lines and points having been defined, then, the dis- 
tributions of shear stress and pressure along the reattachment and re- 
separation lines were estimated and Figure (6.3) presents the results 
for the three cases. As may be seen, along both the critical lines and 
within -3.5 ti Y/H N 3.5, the shear stress level increases in the order 
case 1 to case 3. It is interesting to note that the surface flow also 
becomes increasingly three-dimensional in the same order; for case 1 
with top reattachment, the flow seems to be virtually two-dimensional 
in this region, whereas, in case 3, the surface shear stress vector 
begins to turn away from the axial direction very near the axis of 
symmetry. In case 2, the three-dimensionality starts further from the 
centre-line than that for case 3 and the end effects become dominant 
at Y/H values similar to that for case 1. This feature is also con- 
sistent with the observation made in Section (6.1.1.1) of the degree 
of variation of top surface spanwise distributions of pressure and 
shear stress at, say, X/H =j for all the cases (Figures 5.46 and 5.36). 
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As is shown in Figure (6.3a), for case 1, on the reattachment line, 
the shear stress increases rapidly after the weak saddle point before 
falling very sharply near the nodal attachment point at the corner. A 
similar variation takes place on the separation line near the side. 
For case 2, along the separation line near the side, the behaviour 
is the same, though not as strong as case 1, but along the reattachment 
line, in contrast to case 1, the shear stress near the side falls rather 
sharply. It may be seen that the shear stress distributions between 
a nodal attachment and a saddle separation point have rather similar 
forms and the distributions are also similar in form between a saddle 
separation and a nodal separation point. 
For case 3, with no critical points near the corners, IC fIon both 
the critical lines increases from the centre to the side reaching a 
peak and falling thereafter. The peak in ! CfI, on the reattachment 
line occurs at Y/H = 2.5 which seems to be the point from which the 
longest limiting streamline starts; the largest JCfj value was also 
measured near this point (see Section 6.1.1.1). The other end of this 
streamline is, approximately, where the peak in the JCf) distribution 
along the separation line occurs. 
The pressure distributions along both the critical lines show 
persistent decrease from the centre to the sides for cases 1 and 2 
(no variation takes place at the position of the saddle separation 
point in case 1); except for case 2 along the separation line, a sharp 
decrease occurs near the sides. The trend for case 3, in the central 
region, is similar to cases 1 and 2 but near the side and along both 
the critical lines the pressure increases before the separation of 
flow from the side. 
It is, in general, difficult to analyse exactly the manner in which 
the mean pressures are related to the shear stresses. As may be seen 
in Figure (6.3a&b), near the separation points at the corners, no 
increase in pressure is observed on the critical lines. However, in 
discussing these matters the turbulence properties of the flow such as 
the fluctuating pressures and the fluctuating shear stresses should 
also be taken into account. 
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Despite this fact Cermak (1975) has discussed the possibility of 
deducing surface flow patterns from the measured surface pressure dis- 
tributions. He states that for large surface pressure gradients (case 1 
in the present experiments), the near-surface flow will be along the 
gradient in the direction of decreasing pressure. When the surface 
pressure gradients are weak (case 3), the surface flow field is driven 
by the outer flow. 
Now one might expect that for cases 1 and 2 the local shear stress 
direction would lie in the direction of the strongest local pressure 
gradient. If that is true, the surface flow pattern will be roughly 
perpendicular to the pressure contours. This may be true for these 
cases (see Figure 5.44a&b), but only approximately and, as noted before, 
the surface pressures cannot, in general, be used to deduce the critical 
points and the detailed surface flow patterns. 
For case 3, however, as described before the top pressure variation 
is weak and there is no clear relation between the pressures and the 
surface flow patterns. The inspection of the pressures showed that 
there are even some shear stress lines along which the pressure remains 
closely constant. 
6.1.2 Fluctuating Shear Stresses 
6.1.2.1 Intensities 
As with the mean shear stresses, the distribution of r. m. s. varia- 
tion of shear stress, Cf =vT 
12 
p2, showed 
some Reynolds number 
r 
dependence. The results are shown in Figure (4.18), for the test model 
C' f- is seen to be independent of Re. in BLR. On the other hand 
C 
f 
In Figure (6.7), the results are reproduced in terms of 
i2 
 TW 
plotted against X/H, yielding a collapse of 
C' 
2f 
ýpluT1max 1 CfI max 
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data despite the great variation when Cf was plotted directly. As was 
shown before, the mean shear stress data also collapsed when normalised 
in this way (see Figure 6.1), which again is a confirmation of a 
similar flow structure, independent of Reynolds number. 
C I -C In Figure (4.12), Cf and -ý'- are plotted against Re for a 
f 
fixed point at X/H = 0.44 on the test model in BLR; again the latter is, 
in general, less dependent on Re but for both cases, in a manner similar 
to the results of mean shear stresses, the measurements tend to become 
independent of Re for Re 4x 104. 
As mentioned in Section (5.4), the measurements for the three cases 
were made at various probe angles and one of the interesting features 
was that the fluctuations were so large that signals of both signs were 
noted in every case at all positions and all probe directions. The 
measured intensities at various probe angles were not very different 
from one another and the results were interpolated, approximately, in 
a linear fashion to obtain the intensities in the direction of the 
corresponding mean shear stresses. This, however, could be obtained 
in a more systematic manner described below. 
Let (TW)a and (TW)a be respectively the mean and fluctuating 
components of shear stress along the line with an angle of a with the 
x axis. With the probe set normal to this line, the measured instan- 
taneous shear stress is then 
(TW) 
a+ 
(T'W) _( W) 
u+ 
(TW) 
u 
CoS a+ (TW) 
V+ 
(-ýW) 
ysin 
a (6.2) 
a 
where (Tw) and (Tw) 
V 
are the mean, and (TW) 
G 
and (TW) 
V 
are the 
u 
fluctuating components of shear stress along the x and the y axis 
respectively. It may also be written 
(W)a = (TW) u cos a+ 
(TW)v sin a (6.3) 
By squaring both sides of Equation (6.2) and averaging the 
resultant equation and also using the averaging properties we obtain 
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(Tw12 
l+ 
/Tw)2 TW l12 + (Tw)2 1 Cos 2a+ 
l /a 
aluu, 
1(TW)2 
+ (Tw)2 sine a+ (W) (W) + (T ) (T' )s in 2a 
vvuvuv 
This with Equation (6.3) gives 
(TW)2 = (TW)2 COS2 a+ (TW)2 si n2 a+ (-0 ) (ý' ) sin 2a 
auvWuWU 
which by dividing both sides by (21 p U2)2 yields 
(Cf )a = (Cif)2 cost a+ (Cf)2 sin 2a+ (Cif )uv sin 2a (6.4) 
where 2 
Cif )2a= 
Tý 
2 
similarly for iC'f) 2 and )2 0P Ur u 
cý I f) 
2 
V 
and (Cf) 
UV 
(TW)u (TW) 
(z p Ur2)2 
Therefore, if (Cf) 
a 
is measured at three different probe angles, 
the x and y components of the intensity of fluctuating shear stress 
and their double product may be evaluated from Equation (6.4) and the 
corresponding intensity in the direction of the mean shear stress may 
be subsequently worked out. These were calculated at a number of points 
for the three cases and the results showed that firstly, the intensities 
along the mean shear stress direction at each point was in good agreement 
with the interpolated one mentioned before which ensured that the 
intensities presented in the corresponding figures are reasonably 
accurate. 
Secondly, the intensities along the direction of the mean shear 
stress and the normal to that direction are always of the same 
order even at the steadiest positions (say, downstream corner for 
case 1), unlike the ordinary boundary layers where the streamwise 
component of the turbulence intensity is signifcantly larger (see Hinze, 
1975). 
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Thirdly, the double product, (Cf) , is roughly an order of magnitude 
smaller than the corresponding 
uv (Cf)2 or (Cf)2. 
Uv 
From the centre-line distribution of C'f for cases 1,2 and 3 in 
Figure (5.37) and also that of the test model in BLR (Figure 4.18), the 
minimum measured C'f value is about 0.0015 for these cases which appears 
at the closest measurable location from the leading edge. For the test 
model in the thin boundary layer (Figure 4.19), the results show clearly 
the presence of a minimum (C'f - 0.00053) at X/H = 0.16, between the 
secondary separation point and the leading edge. For X/H < 0.16, C'f 
tends to increase with decreasing X/H; this would probably reach another 
peak very close to the leading edge near the primary reattachment point 
as sketched in Figure (6.4c). From the centre-line distributions of 
C'f, it may also be seen that for all the cases, and the test model in 
both the boundary layers the largest C'f occurs just after the reattach- 
ment point and within the bubble bounded by the corresponding shear layer. 
In the experiments of Robertson et al (1978) on the flow around 
two-dimensional rectangular blocks in free-stream flows, the peak in 
r. m. s. value of pressure fluctuations, Up , occurred somewhat upstream 
of the reattachment location which is similar to the behaviour of the 
peak in r. m. s. value of shear stress fluctuations in the present experi- 
ments. In figure 4 of the results of Roberton et al (1978), the peak 
in Up appears even for the separated flow cases (a < 140). This is 
clearer in the experiments of Lee (1975), where the peaks are present 
for the cases where the flows are certainly separated. As discussed 
in Section (6.1.1.2) this could represent the reattachment of the flow 
originating from the downstream recirculating region, that is identical 
to case 3 and the test model in the thin boundary layer where the flows 
are separated but the peaks in C'f still occur (see Figures 5.37 and 
4.19 ) 
One interesting point of the present results is that near the 
secondary separation point where C'p is expected to have a peak, C'f 
has its minimum value. 
Eaton et al (1980), using a pulsed-wall probe, analogous to the 
one used throughout the present experiments, investigated a separating 
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and a reattaching flow separately. The flows in their experiments were 
two-dimensional. It is interesting to note that for a separating flow 
case, a planar diffuser, the distribution of fluctuating 'wall shear stress 
shows a weak minimum near the separation point. On the other hand, for 
a backward-facing step, C'f distribution has a peak before the reattach- 
ment point. These are consistent with the results of the present 
experiments. 
As is seen in Figure (5.39), the spanwise variation of C'f at 
various x values is, in general, weak for all the cases but for case 1 
a sudden increase appears near the upstream corners where the critical 
points lie; for case 3, however, the profiles have rather similar forms 
at various x values, and C'f increases near the sides. 
Although because of the scatter and slow variation in the data it 
is difficult to specify the precise locations of the maximum C'f at 
various Y/H values, the data showed that this occurred near the re- 
attachment line for all the cases. For case 1, a largest value of 
C'f - 0.0044 occurs at the upstream corner compared with C'f - 0.003, 
the largest on the centre-line. Similarly, in case 2, the maximum C'f 
of about 0.003 occurs near the critical points at the corner. In 
contrast, for case 3, the maximum C'f (' 0.0043) appears on the centre- 
line near the saddle point compared with about 0.0032 and 0.0021 near 
the downstream and upstream corners respectively. These features may 
be more clearly seen in Figure (6.3), where the distribution of C'f 
along both the reattachment and separation lines are presented for all 
the cases (note that the values of C'f on the reattachment lines are 
slightly smaller than the peak values). As is seen, for each case, 
the level of C'f along the separation line is significantly lower than 
that along the reattachment line. It is also interesting to note that 
for all the cases, and along both the critical lines, the value of 
C'f increases rather rapidly near the corners whether or not the 
critical points are present in the corner. 
C' 
The profiles of along the centre-line (Figure 5.38) showed 
that its value is about 
f1 
at least, for all the three cases (0.85 
for the cube in BLR and 1.3 in thethin boundary layer) and this appears 
where JCfI is a maximum. 
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C' Away from the centreline and for case 1 the minimum 
- (ti 0.56) 
occurs at the downstream corners where (CfI is even larger. f It should 
be emphasised that the large ICfI near the critical points at the up- 
stream corner for case 1is not associated with smaller 
C1 f For 
cases 2 and 3, the minimum 
CCf 
on the centre-line roughlyf represents 
the minimum on the whole surfaces (falls slightly first and increases 
afterwards with y). 
6.1.2.2 Probability Density Distributions 
Figure (5.40) presents the probability density distributions for 
the fluctuating shear stresses in the direction of the corresponding 
mean shear stresses at typical points on the top faces of cases 1,2 and 
3. The results are normalised in the usual way with Q= (T, w 
In the more steady surface flow regions ((X/H, Y/H) = (0.5,0) 
for cases 2 and 3 for example), the distributions are slightly skewed 
in a way that would result from the fluctuations with the 'spikiness' 
in the direction of the reverse flow. At (0.93,4.45) for case 2, the 
skewness is in the opposite direction. Elsewhere, except near the 
critical points, the distributions are more or less symmetrical and in 
general spikier than the Gaussian case. At (0.08,0) for case 1 and 
(0.93,0), for case 3, particularly the latter, the distributions are 
very spiky, rather similar to the flow with fluctuations of high inter- 
mittency. 
An interesting feature of some of the distributions is that near 
some of the critical points ((1.23,2.92) and (1.48,0) for case 1), 
the profiles have a 'hole' near the region of zero shear stress axis. 
This is more likely to be due to the influence of instrumentation 
rather than being the feature of flow in those regions. As has been 
shown by Bradbury (1976), the finite extent of the yaw response and 
the departures from the cosine-law both result in identations in the 
measured distributions in the neighbourhood of the zero-velocity axis, 
for the ordinary pulsed-wire probe. As shown in Section (4.5.6), the 
present probe, after improvement, followed adequately the cosine-law 
and these are probably due to the effect of the finite yaw response 
and larger number of missing signals occur near zero-shear stress points. 
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6.2 Measurements Behind the Bodies 
6.2.1 Velocity and Intensity Measurements 
The longitudinal mean velocity and turbulence intensity profiles 
behind the models at 0.5H distance from the rear face for various span- 
wise positions are plotted in Figure (5.41). These were measured using 
a pulsed-wire probe as described in the previous chapter. 
It was not the purpose of the present work to investigate various 
aspects of the flow field behind the bodies using the results of these 
measurements, and indeed, the data are not at all comprehensive in this 
respect. These will be briefly discussed in the next section. The aim 
was to present a rather different approach for the investigation of the 
behaviour of the top shear layer in support of what has already been 
concluded. Further work is clearly needed to link together the infor- 
mation derived from various flow modules. 
The mean velocity profiles further confirm the general behaviour 
of the shear layer discussed in the previous sections. The reverse 
flow appears at lower elevations for case 2 than that for case 3; this 
is even lower for case 1. At the body height and on the centre-line 
the mean velocity is positive for cases 1 and 2 but negative for case 3. 
Above the recirculating region and within the shear layer the mean 
velocity increases from the centre to the sides; Cfu near the trailing 
edge on the top face behaved similarly for cases 1 and 2. 
The turbulence intensity profiles have, in general, complex shapes. 
Within the shear layers, ü2 decreases from the centre to the sides but 
in the recirculating region, where various motions interact, no clear 
trend can be recognised. 
Finally, the results of the hot-wire probe are included for case 2 
on the centre-line. The turbulence intensities agree closely with the 
pulsed-wire probe data for Z> 94 mm where 
V2 is less than about 
0.4, but at higher intensities the results are by no means comparable. 
The mean velocity profiles are in good agreement for Z> 80 mm, that is 
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where V/ u2 ti 0.7. Within the recirculating region the hot-wire probe U 
cannot be used of course. 
6.2.2 Probability Density Distributions 
The probability density distributions for the u-component of 
velocity fluctuations at typical stations are shown in Figure (5.42) for 
the three cases. As noted in Section (5.4), most of the measurements 
were made at the positions with - 
Vdy 
of about 0.3 and 1, corresponding U 
approximately to the high and the low-velocity sides of the shear layers 
respectively. 
For all the cases, the distributions at the locations either side 
of the shear layer centre-line are skewed. The corresponding spikeness 
is in the directions of positive and negative x for the low and high- 
velocity sides respectively. Similar features can be seen in the results 
of Castro (1981) on the flow over surface mounted two-dimensional square 
section blocks. Some spectra and auto-correlation measurements by 
Castro (1981) showed that such flows contained no strong periodicity. 
Although this can not yet be confirmed in the present experiments, but 
so far as the probability data indicates no bimodal distribution is 
noted except for case 1 at (Y/H, Z/H) = (3.4,1.0). However, later 
measurements by Castro showed that this was due to scatter. For case 1, 
at the regions near the shear layer centre-line, (3.4,1.2 ), the dis- 
tributions appear to be symmetrical and close to the Gaussian profile. 
6.3 Mean Streamline Patterns 
From the detailed top surface shear stress patterns and information 
derived from the preliminary experiments and also by drawing upon the 
work of other investigators, notably of Hunt et al (1978), Yu (1974), 
and Castro et al (1977), the mean streamline patterns were estimated 
for case 1 and case 3 and the results are sketched in Figure (6.8). 
The existence of a horse-shoe vortex system has been shown by many 
previous workers, for example Morkovin (1972), Hunt et al (1978) and 
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others as discussed in Chapter (2). This motion exists when the incident 
flow is sheared, which causes a vertical pressure gradient on the front 
face, leading to a pressure gradient on the nearby floor.. 
There is also a pair of vertically oriented vortices just behind 
each vertical trailing edge, which is associated with the 'rolling up' 
of the separated shear layers from the sides. The presence of these 
vortices has also been confirmed through flow visualisation experiments 
(Yu, 1974), Castro et al (1977), but little is known about their develop- 
ment and interaction with the main flow field near roof level. 
No shedding of vortices similar to that behind the bodies in free- 
stream flows is expected; the ground plane will suppress the vortex 
shedding as has been demonstrated by Bearman et al (1972), when the 
splitter plate within the wake prevented its appearance. The height 
to width ratio for the present models is also small enough to prevent 
the shedding of vortices from the sides. 
The top vortex sheet as was discussed in detail in the previous 
sections may or may not reattach onto the top face. However, in both 
situations there will be reattachment of the shear layer further down- 
stream on the floor. 
The recirculating region is the result of the interaction of these 
motions. Much of the fluid in the recirculating region is supplied by 
the top vortex sheet just before the reattachment region. Part of the 
air is held in this region and recirculated and the remainder is en- 
trained into the shear-layers, particularly of the top. The low-speed 
flow near the surface in the recirculating region separates before 
the rear face and attaches on the rear surface at the attachment line. 
The branch of flow moving towards the ground plane forms a vortical 
motion known as the 'corner eddy' which flows sideways. The streamline 
pattern near the base is not yet known but the negative gradient for Cpb 
in Figures (5.17) and (5.18) from the centre towards the sides suggests 
that near the rear face, the flow may be in this direction. However, 
near the sides the patterns seem to be more complex because of the 
influence of and interaction with the vortices from the sides. Note 
that the base pressure also behaves differently near the sides than 
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it does elsewhere. 
The branch of flow from the attachment line on the rear face which 
flows away from the floor is partly recirculated and partly mixed with 
and entrained into the top vortex sheet. For case 3, in addition, 
this is a source for another bubble region over the top near the trailing 
edge, as discussed in the previous sections. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER (ORK 
The present project consisted of three main stages: the preliminary 
study of flow around rectangular blocks presented in Section (5.3), the 
development of surface shear instruments in Chapter (4) and the particular 
measurements of surface shear stress on the top surfaces of the selected 
blocks, using the pulsed-wall probe, in Section (5.4). The conclusions 
for the whole programme of experiments are summarised in the following 
section, and recommendations for further work are given in Section (7.2). 
7.1 Present Work 
The purpose of the work described in this thesis has been to invest- 
igate the behaviour of the separating and reattaching flow over the top 
of rectangular blocks. From the preliminary studies, using the instru- 
ments initially available, the critical dimensions of blocks to permit 
reattachment on the top surface have been determined although a fairly 
broad band of intermittent reattachment has also been suggested. The 
problem under investigation has, therefore, been more clearly defined 
and the need for more sophisticated techniques realised if the detailed 
dynamics of the flow was to be further understood. 
A relatively new instrument (the pulsed-wall probe) has been developed 
for the measurements of shear stress on the top of the blocks. 
The probe has proved to be a potentially powerful addition to the rather 
limited range of shear stress measuring instruments available for ope- 
rating in highly turbulent and separated flow regions. A wide cosine- 
law yaw response and a good sensitivity made it possible to determine 
the local mean shear stress vector in a three-dimensional separated flow. 
Development of surface fences has further validated the suitability of 
the pulsed-wall probe for the measurements of mean shear stress. The 
fences themselves, have proved to be useful in their own right provided 
appropriate dimensions were used. 
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The results of the measurements of surface shear on the top of 
the selected blocks have added considerably to the knowledge of funda- 
mentally different flow phenomena that may be produced from different 
combinations of body geometry and upstream flow characteristics. The 
top surface flow patterns have demonstrated some of the interesting 
flow features of the type which have not been previously available. 
The patterns have clearly shown the presence of separation lines, 
in addition to . attachment lines; the existence of some of the latter 
is a new finding and the investigation of that phenomenon has led to 
the suggested mechanism for the flow behaviour near the leading edge 
which could be more widely applied to the flow around sharp edged 
bodies in any upstream flow condition. The origins of reattachment 
lines have been shown to depend on the 'flow model' under investigation. 
The positions of the critical points have also been determined quan- 
titatively and their nature identified and verified by the kinematical 
constraints for the surface flow. The results have shown how these charac- 
teristics vary with the 'flow models'. 
The proposed flow features have been well documented through their 
consistency with different measured quantities such as the surface 
pressures, the intensities of fluctuating shear stresses, etc., and also 
the observations of the earlier workers, which is a further confirmation 
of the accuracy of the measurements. 
Finally, as an extension to the work of the previous workers, the 
mean streamline patterns have been estimated although, this work, 
strictly speaking, is still far from complete. 
7.2 Recommendations for Further Work 
1) The development of further appropriate boundary layers for the 
measurements on blocks similar to those in the preliminary studies 
would help to quantify the effects of upstream turbulence and shear 
on the behaviour of the shear layer. 
2) Further work is needed to substantiate the suggested flow behaviour 
near the leading edge in Section 
(6.1.1.3); for this particular problem, 
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it could be possible to produce a condition involving a wider region 
between the leading edge and the secondary separation line thus permitting 
closer measurements to be made in that region. 
3) Measurements of fluctuating pressures on the top surface for the 
cases under study may improve some of the idealised interpretations 
made on the discussion of the results. 
4) Measurements of shear stress in two-dimensional flows are fairly 
straightforward and it is recommended that these cases should be included 
in the studies of three-dimensional flows. 
5) Now that the pulsed-wall probe has proved to be a potentially useful 
instrument, it is possible to plan for the investigation of the other 
flow 'modules' and the link between them and of even more complex flows, 
such as the swirling motions generated by bodies at incidence to the 
upstream flow. 
6) Numerical solution of the time-dependent equations of the tempe- 
rature profile with both a linear and a parabolic upstream velocity profile 
may lead to the estimation of the discrepancies and probably a better 
calibration form for the pulsed-wall probe. It should be noted that in 
this study the effects of both the longitudinal and the vertical 
diffusion terms should be taken into account. Experimental work in 
this field, such as calibration in a laminar flow with a linear velocity 
profile and in the known turbulent boundary layers of various character- 
istics, would also be helpful in conjunction with the theoretical studies. 
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TYPE H,,, mm h/Hý X1/H. b/Hg 
BLR 300 0.140 1.36 0.043 
BLS 300 0,067 1.36 0 
Table (3.1): Dimensions of simulation systems. 
W 
H 2-D 9 6 3 2.5 2 1.5 1 
L 
2 1.5 1 0.5 2 1.5 1 2 1.5 1 2 1.5 1 1 1 1 1 H 
Table (3.2): Geometry of models in preliminary studies. 
CIL. 
I 
Fig. (3.1): Schematic view of simulation system. 
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Fig. (3.3): Sketch of laminar channel (not to scale). 
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Fig. (3.4): Sketch of pulsed wall probe (modified form). Dimensions in mm. 
Fig. (3.5): Sketch of surface fence. Dimensions in mm. 
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2 Nc m/oP T,,, UT/AP Uc 
, 
/oP Re%P UT/AP 
^'m mmH1O 0P /(mmH1O) M /mm H1O /mm H20 (MmmH O 
1.59 0.0927 0.0014 9 0.1092 0.316 34.65 0.0119 
3.03 0.6 368 0.00283 0.1505 1.142 238.06 0.0227 
Table (4.1): Characteristics of laminar channel flow. Dry air properties 
at a temperature of 15°C and a pressure of one atmosphere are: 
p=1.225 x 10- 3 gr/cm3 ; u= 1.78 x 10-4 gr cm2 cm-sec ý v=0.145 sec 
Uo 
M/$ 
S 
mm 
5_ 
mm 
e 
mm n 
U . E) ö /E) sy 
Ue/ý 
y 
U 
U 
9.290 30 5.2 3.8 5 1.35 2444 999475 19221 
4.195 35 6.2 4.4 5 1.41 1258 
1,51324 
10126 
Table (4.2): Characteristics of turbulent flat plate boundary layer. 
Fig. (4.1): Laminar channel flow. 
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Fig. (4.3): Determination of surface shear stress for turbulent 
flat plate boundary layer by means of Clauser method 
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Fig. (4.5): Calibration of surface fences in laminar channel flow 
(uncorrected values). 
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Fig. (4.13): Flow chart diagram for interface of pulsed wall probe 
electronics with the PET computer. 
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Fig. (4.14): Sketch of pulsed wall probe set at an angle to 
surface flow. 
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Fig. (4.15): Preliminary calibrations of pulsed wall probe in 
laminar channel flow. 
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Fig. (4.17): Improved calibration of pulsed wall probe in laminar 
channel flow. 
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39 
Hv 9 10 11 12 14 15 17 
mm 292 298 302 297 336 342 352 
Ik. mm 57.9 59.5 61.0 61.1 62.5 61.5 63.5 
", mm 36.9 38.3 39.1 39.1 43.0 41.9 43.4 
ajo 1.57 1.55 1.56 1.56 1.46 1.47 1.49 
8, /1 0.198 0.200 0.202 0.206 0.189 0.182 0.183 
0/8 0.126 0.129 0.129 0.132 0.130 0.124 g125 
Table (5.1): Characteristics of 'rough' wall boundary layer (BLR). 
x 
H 9 10 11 12 15 
8, mm 254 256 264 266 2 75 
:., mm 30.3 28.6 29.3 30.8 28.5 
1), Mm 22.9 21.4 22.0 23.0 23.5 
99/9 1.32 1.33 1.33 1.34 1.21 
8. /8 0.119 0.112 0.111 0.116 0.104 
9/6 0.090 0.084 0.083 0.086 0.085 
Table (5.2): Characteristics of 'smooth' wall boundary layer (BLS). 
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Fig. (5.4): Logarithmic-law mean velocity profile for BLR at X/Hv = 12. 
Solid line represents Equation (5.1) 
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Fig. (5.8): Mean velocity profile for BLS. 
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intensity distributions for BLS at X/Hv = 12 and 
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Fig. (5.19): Variation of maximum base pressure with block length 
for blocks in BLR. 
W/H values: A two-dimensional; x 9; 0 6: + 3. 
Solid lines represent suggested trends. 
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Fig. (5.20): Variation of maximum base pressure as in Fig. (5.19) 
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dimensional flow. 
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Fig. (5.31): Three-dimensional views of mean shear stress distributions 
on top surfaces of blocks. 
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Fig. (5.36): Spanwise mean shear stress distributions 
top surfaces of blocks at typical X/H values. 
Fig. (5.36c): Case 3. 
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Fig. (5.38): Fluctuating shear stress distributions as in Fio. 
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Fig. (5.42c) : Case 3. 
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Fig. (5.43): Three-dimensional views of pressure distributions 
on top surfaces of blocks. 
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Fig. (5.46): Spanwise pressure distributions on top sur'aces 
of blocks at typical X/H values. 
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Plate (5.1): Helium bubble traces for blocks in BLR. 
Flow from left to right. 
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Plate (5.2): Surface oil film pictures for blocks 
in BLR. 
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Fig. (6.1) : Centre-line distribution of mean wear stress ,, i tc, - 
surface of test model in BLR at X/Hy = 15 normalise 
by the maximum magnitude of centre-line shear strt-Is. 
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Fig. (6.3a) : Case 1. 
Fig. (6.3): Distributions of mean and fluctuatinG shear stress, and 
pressure along reattachment and separaion 'ire on top 
surfaces of blocks. 
mean shear stress; --- fluctuating shear stess ; 
--- pressure; R, reattachment line: S, separaion line. 
- t- 
-,. -.. . 00, 
R 
'`ýýý 
ý 
S 
\ 
, Xso 
2o 
0 
Icfl 
Ou001 
/ 
-0.2 
-0.4 
trý. 00, . 0- 
ý- 
rý ---- 
M--- - 
. -... 
R ý- 
ý 
- 
ýý 
-Z- 
Cp 
-0.6 
Fig. (6.3b): Case 2. 
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Fig. (6.4): Suggested centre-line mean streamlines. 
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Fig. (6.6a): Case 1. 
Fig. (6.6): Lines of Cfu =0 and Cfv =0 on for surfaces o 
blocks. A Cfu = 0: 0 Cfv = 0. 
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Fig. (6.6b): Case 2. 
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Fig. (6.7): Centre-line distribution of fluctuating shear stress on 
top surface of test model in BLR at X/Hv = 15 normalised 
by the maximum magnitude of centre-line mean shear stress. 
For legend see Fig. (6.1). 
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